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Abstract
In this study the design o f a draw solution with optimum osmotic pressure and water 
flux performance based on a Forward Osmosis process (FO) is investigated. A  
protocol was used to determine the most appropriate draw solutions to be tested on an 
FO pilot plant using a hollow fibre membrane. The criteria used for the selection 
besides solubility are, operational osmotic range, toxicity, flammability and cost.
The possible draw solutions (DS) were tested by examining the osmotic behaviour o f  
binary and ternary systems made from electrolyte and non-electrolyte solutes (NaCl, 
CaCli, MgCli, MgS0 4 , Acetamide, Fructose, Maltose, Sucrose). Their osmotic 
properties were determined from a series o f  measurements o f  water activities using 
the hygrométrie method for solutions o f molality ranging from 0.5 to 6.0 mol kg'* at 
298.15 K. The osmotic pressures thus determined were compared with values 
obtained from van’t H off limiting law and OLI software package. The results were in 
good agreement generally with OLI but not, as expected with van’t H off law, which is 
only applicable at very low concentrations.
In general electrolytes performed better than non-electrolytes, where M gCb produced 
the highest osmotic pressure. Positive and negative synergistic effects on osmotic 
pressure in the ternary system were observed. It was found that all ternary systems 
made from electrolytes showed positive synergy. But those containing acetamide and 
electrolytes (except NaCl) showed negative synergy. While the systems containing 
sugars showed three types o f behaviours that are, positive, negative and additive. 
Besides, ion-pair formation, solute-solute and solute solvent effects as well as 
possible complexations are all expected in the ternary systems.
By following the protocol two ternary systems, MgCb + NaCl + H2 O and sucrose +  
NaCl + H2 O and their binary counterparts, NaCl, MgCb and sucrose were selected to 
be best suited for the FO application. These solutions were then tested on an in-house 
FO pilot plant to evaluate the water flux, water recovery and reverse salt diffusion. 
Their performance was limited hy internal concentration polarisation (ICP) 
significantly reducing the permeate flux. The highest water flux and recovery values 
were achieved with NaCl binary solution. However, the reverse salt diffusion o f  NaCl 
in both ternary D S’s was found to be lower than in its binary form. The study showed 
that changing the mole ratios o f the solutes (MgCb +NaCl and sucrose + NaCl) in the 
ternary DS affected all three performance parameters.
The study found that although a D S’s ability to achieve a high osmotic driving force 
is important in the selection o f an optimum DS, high flux performance is vital in 
designing an optimum draw agent. Key factors found to contribute to FO performance 
include solute type, ratio o f solutes present in a ternary DS, solute-membrane 
interaction and viscosity o f a DS. The different behaviours o f  these draw solutions 
highlight the potential o f multi-component draw solutions have in designing an 
optimum osmotic agent for specific FO applications and membrane type.
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CHAPTER 1
INTRODUCTION
Chapter 1. Introduction
One o f the most significant challenges that the World faces today is the provision of 
an adequate supply o f safe water. Although, 73% of the earth’s surface is covered by 
oceans, it is predicted that by 2025 two-thirds of the world population could be under 
water stress conditions One of the most important drivers behind water use is the 
increasing food demands from a growing population, more specifically -  the 
increased development of irrigated agriculture Therefore, developing high quality 
low cost desalination processes that can tap into the earth’s seas seems the only option 
in addressing this problem.
With an increasing global population and the availability of the world’s fossil fuels, 
predicted by a number o f sources to end in the early 22"^  century the importance 
in researching and developing energy-efficient applications is critical. One major 
application which is in desperate need of becoming more energy efficient, is water 
production for consumption and agriculture.
Desalination is the process of obtaining ‘desalted’ or ‘fresh’ water by the removal of 
the salt from a salted solution, such as seawater.
In the water purification industry, a desalination process employing membrane 
technology called Forward Osmosis is becoming a viable option, that has the potential 
to drastically reduce specific energy consumption Forward Osmosis is the
engineered application of a natural process for the application in desalination and 
water treatment. In these processes, water moves from a feed solution at low osmotic 
pressure across a semi-permeable membrane to a draw solution (DS) at high osmotic 
pressure.
Osmosis is one of the most fundamental phenomena found in chemical and biological 
systems. Osmosis arises when two aqueous solutions at different concentrations are 
separated by a semi-permeable membrane. The result is the spontaneous transport of 
the solvent from low-eoncentration solution across a selective permeable membrane 
into higher-concentration solution. The generated potential difference across the 
membrane is called the osmotic pressure, ;r. The value of the osmotic pressure
represents the hydrostatic pressure that must be applied on the higher-eoncentration 
solution in order to stop solvent flux.
The applications of osmosis can be seen in a number o f industrial processes other than 
desalination. In the food industry, osmosis is beginning to emerge as an alternative 
separation technology to thermal processing, where the impact on the nutritional and 
sensorial properties of the food product is found to be significantly more than in an 
osmosis membrane process ** In the pharmaceutical industry, there are two 
types of applications which involve osmosis: enrichment of pharmaceutical products 
(e,g. lysozyme and proteins) and drug delivery systems
In an osmotically driven membrane process, osmotic pressure is the thermodynamic 
driving force for flux. However, the presence of a membrane has a significant impact 
on flux, due to the resistance to flow. A number of studies have shown that draw 
solutions with the same osmotic pressure will produce very different flux rates, this 
can be attributed to the changes in kinetic characteristics of a draw solution with 
varying concentration *^^ 1 Paramount to a FO process is the ability of a draw solution 
to generate the relevant osmotic pressure level as well as achieving a high flux 
performance
Investigating the behaviour of osmotic agents is important in the design of an optimal 
draw solution for the forward osmosis process (FO). An accurate measurement o f the 
osmotic pressure of a solution is another question of high relevance. Directly 
measuring osmotic pressures requires a solvent-selective membrane, which only 
allows the passage o f solvent molecules. Therefore, measuring the osmotic pressure 
directly would not give realistic results nor would it achieve an optimum research 
target *^^ 1
There are however, several theories to predict the osmotic pressure of a solution; the 
first was established by van’t Hoff in 1887. The van’t Hoff limiting law presents the 
osmotic pressure as being proportional to the molar coneentration o f the solute in 
solution for very dilute solutions, ideally at infinite dilution *^^ 1
Further models were later developed to calculate osmotic pressure o f non-ideal or 
concentrated solutions However, these models are still not robust
enough in terms of accurately understanding the behaviour of osmosis over a wide 
range of solute concentrations.
This thesis starts with testing possible draw solutions by examining their osmotic 
behaviour as will be explained in detail later. This will involve investigating various 
osmotic pressures o f binary and ternary mixtures. Both van’t Hoff ideal law and a 
stream analyser software package, OLI [OLI Systems Inc., 2005], which uses a 
predictive thermodynamic framework for calculating the properties o f aqueous based 
chemical solutions, are compared to a known theoretical model that has been derived 
from expressions of the excess Gibbs free energy. Using this model, experimental 
data for water activity as a function of molality is used to predict the osmotie pressure 
of various electrolyte and non-electrolyte solutions. The measurements of water 
activity are performed on a number of binary and ternary aqueous solutions 298.15 K 
using a hygrométrie method. The water activities are measured at concentrations 
ranging from 0.5 mol kg'* to 6.0 mol kg'*.
In light of the first part of the study, a possible candidate(s) to be selected as a draw 
agent will be tested in an FO pilot plant, by examining the water flux across a hollow 
fibre membrane. And, thus, concluding in light o f the result obtained, the suitability 
or otherwise o f the candidate(s) draw agent(s). A flow diagram illustrated in Figure
1.1 describes the draw selection protocol adopted in this study.
The Aims and Objectives of this research are:
>  To design a draw solution with optimum osmotic pressure and water flux 
performance based on an FO process.
> To examine the osmotic behaviour o f both binary and ternary mixtures.
>  To design a forward osmosis rig.
> To investigate the FO performance (water flux, reverse salt diffusion and 
recovery) of the selected osmotic agents.
Proposed
Agents
Soluble in
water
Osmotic Behaviour:
Positive Synergy
Evaluate Cost of
Solutes
Non-Hazardous 
Health, Flammability 
Physical Hazard
Solid or liquid at ambient 
temperature and pressure
Osmotic Behaviour
Evaluation of their
Selection
System
Evaluate the Selected Agents In terms 
of Operation
Testing of Selected 
Candidate Agents on FO 
Ring
Figure 1.1 : Illustration of flow diagram for draw solution selection.
CHAPTER 2
LITERATURE REVIEW AND 
THEORETICAL BACKGROUND
Chapter 2. Literature Review and Theoretical Background
2.1. Review of Desalination Technology
Desalination can be categorised into processes involving phase change and those 
without phase change
The main processes that include phase change separation are:
>  Multi-Effect Distillation (MED): the oldest method of distillation, based on a 
thin-film approach. Vapour is produced by flashing and evaporation, with the 
majority of the distillate is generated through condensation.
>  Multi-Effect Boiling (MEB): where vapour is produced by flashing and 
evaporation.
>  Multi -Stage Flash (MSF): the process uses columns where saline water is 
progressively heated in series. Fresh water is collected at each stage.
>  Vapour Compression (VC) rely on reduced operational pressure which in turn 
reduces the boiling point the process is a thermal and mechanical process.
The drawbacks of desalination processes employing phase change are that they are 
very energy inefficient. The main processes that include single-phase separation are:
>  Microfilteration (MF): a membrane technology that uses small pores (0.1-10 
microns) which prevents the penetration of suspended solids and bacteria in a 
solution
> Ultrafilteration (UF): is a pressure driven membrane technology dependent on 
the size and charge of a particle it is used for separating molecular sized 
compounds and colloids but is not effective at separating organic streams
>  Nanofilteration (NF): NF membranes have high rejection rates for calcium and 
magnesium salts and are therefore used in water softening processes. NF has 
been used in treating oil sands waters when removing polyvalent ions 
(hardness) and naphthenic acids
>  Reverse Osmosis (RO): requires pressures between 40 and 70 atms, a typical 
Sea Water Reverse Osmosis process is made up of a seawater intake, pre­
treatment, high pressure pumps, reverse osmotic desalination system, 
permeate post-treatment, product water storage, and distribution. However, 
such pressures can only be achieved by high energy consuming pumping 
systems requiring large amounts o f electricity. Energy saving systems are 
available that employ low RO pressures, however, much lower recovery rates 
are observed
>  Electodialysis (ED): uses electricity as the fundamental process energy, using 
an electric potential to attract salts selectively through a membrane.
>  Forward Osmosis (FO): the driving force for water flow is the difference in 
chemical potential on the two sides of a semi-permeable membrane. The water 
permeating through the FO membrane is of high quality, with almost the 
complete retention of micro organisms, organic matter as well as dissolved 
salts
> Manipulated Osmosis Desalination Process (MOD): A novel membrane 
technology developed by the Centre for Osmosis Research and Applications 
(CORA) at the University o f Surrey. This process uses FO and RO 
technology, and has the potential to reduce the energy consumption by up 
50%. The patented solvent removal process consists of two stages. The 
first stage incorporates Forward Osmosis to obtain water from a feed solution, 
e.g. seawater. A semi-permeable selective membrane is placed between the 
feed water and a second solution that has a lower chemical potential, termed, 
draw solution (DS). The second stage o f the process consists o f a regeneration 
step, where water is extracted from the draw solution. The type of process
used for the regeneration step can vary, however. Reverse Osmosis is the 
technology currently being used.
2.1.1. Advantages of membrane technology:
>  Due to relatively simpler processing equipment the cost is low.
>  Since no phase change is involved, energy consumption is reduced.
>  The period of time required the commissioning period is significantly reduced 
in comparison to distillation plants.
>  Operating temperature of a membrane process is almost at ambient 
temperature, reducing scale and corrosion problems.
>  Low extent of fouling is observed in a Forward Osmosis process.
>  Can be applied to a range of industries including, desalination, 
pharmaceutical, medical and food processing technology.
2.2 Osmotic pressure of a solution
Osmosis arises when two solutions at different concentrations are separated by a 
semi-permeable membrane, as illustrated in Figure 2.1. The bulk of the movement is 
mainly of the solvent. The result is the spontaneous transport of the solvent, moving 
from a solution with low-concentration through the selective permeable membrane 
into a solution with a higher-concentration. At equilibrium, there will be no net flow 
of solvent through the membrane, where the chemical potential of the solvent will 
be equal on both sides o f the membrane. The osmotic pressure is the hydrostatic 
pressure that must be exerted on a solution containing non-diffusible substances, in 
order to maintain the activity of the solvent at the same value as that of pure solvent, 
at constant temperature, preventing the net flow of solvent across a semi permeable 
membrane between the solution and the pure solvent
Ideal semi-permeable 
membrane \ rigid wall
\  /
Pure Water g 1 Solution 1 Pure Water j 1 Solution
J\v 1 1 Jw=0 1
I----- ►
1 "^5=0 1 8a Js = o
"4----# ---- ! 1-------
(a) (b)
Figure 2.1: Ideal Osmotic System a) before equilibrium (non-equilibrium as J„. ^ 0 ) 
and b) in equilibrium, trans-membrane solute flux and trans-membrane 
solvent flux. Where temperature remains the same on both sides
2.3 Osmotic Agents
The osmotic agent employed in the Forward Osmosis process should ideally be stable 
non-toxic and based upon a low cost commodity chemical. They should not react with 
the surface of the process membrane and produce minimal fouling effects as well as 
be completely recoverable from water.
Another important property of an osmotic agent used in a desalination process is its 
solubility and retrograde solubility. An osmotic agent with low solubility will more 
likely not be able to achieve osmotic pressure values required for the process An 
osmotic agent with retrograde solubility, in which it becomes less soluble in water as 
the temperature increases and thus bypassing the need for the solution to preheat the 
seawater and thus reducing energy consumption
There are a number of potential classes of osmotic agents whose osmotic pressure 
properties maybe of interest. Calcium salts of organic compounds maybe of interest 
because of their potential for retrograde solubility
Osmotic agents making up the draw solution could be selected to offer optimum flux 
with low specific reverse salt diffusion (which represents the amount of solute lost 
from the draw solution into the feed stream per unit volume of water that passes 
through the FO membrane into the draw solution) The extent of osmotic agent
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diffusing towards the FW side depends on a number of factors including membrane 
type, the molecular weight and molecular make up of the osmotic agent.
A direct osmosis study was carried out using several 1:1 and 2:1 electrolytes which 
diffused in a flat RO membrane The study calculated the solute permeability of 
the electrolytes and concluded that permeation is a function of the hydrated radii 
rather than the crystal ionic radii and that the ions maintained their hydration in the 
membrane. It was also reported that overall rate o f permeation is controlled by the 
anion diffusivity in an infinite dilute solution. The study found that all the chloride 
salts permeated the membrane at a higher rate than acetates where the differences 
where attributed to the higher diffusivity o f chlorine (Cf^) vs acetate (Ac'^) ions in 
water. For electrolytes with the same anion, the study found that the permeation was 
limited by the cation diffusivity in water. The following order of permeation was 
reported: LiCl<NaCl<KCl and LiAc<NaAc<KAc, MgCl2 <CaCl2  and MgAc2 <CaAc2 . 
Relatively low permeation rates o f 2:1 chloride salts was also reported, the authors 
attributed these results due to the salts interaction with the membranes negative 
surface charge. Ionic compounds such as, MgC^, CaCb and NaCl with strong ionic 
interactions can lead to unexpectedly high osmotic pressures Organic
molecules with the ability to form high numbers of hydrogen bonds, or that have the 
ability to complex with other compounds or ions may also be of interest
The potential problem facing a high molecular weight compound, in general, is the 
inability to generate necessary levels of osmotic pressure for desalination 
applications. In terms of low molecular weight compounds, problems that may arise 
include flammability, toxicity and membrane damage
A draw solution composed of more than one osmotic agent could be o f great interest 
in terms of obtaining high osmotic pressures and manipulating the osmotic pressure 
levels of a system.
In electrolyte solutions a phenomenon known as ion pairing occurs, where a certain 
number of oppositely charged ions held together by Coulomb attractions, reduces the 
amount o f free particles in solution Ion pairs come in several geometric
forms: I) solvent-separated ion pairs where both ions maintain their initial solvation
I I
sh ells . 2 ) C ontact ion  pairs, w h ere th e tw o  ion s m eet, so  that n o so lv en t m o le c u le s  are 
present b etw een  the ion s. 3 ) S olven t-sh ared  ion  pairs, w h ere  the tw o  io n s  are h eld  
apart b y  a s in g le  layer o f  so lva tin g  so lven t
In a m ixtu re the so lu te  b eco m es sen sitiv e  to  so lv en t polarity , in du cing  con form ational 
ch an ges. T he so lv en t b eg in s to  d isp lay  so lv a tio n  and se lf-a sso c ia tio n  p h en om en a  
as the concentration  o f  the so lu te  in creases further interactions co m e to  p lay. 
S o lu te-so lv en t, so lu te-so lu te  in teractions b eco m e m ore co m p lex
S u crose for exam p le  can  form  three b asic  m o lecu lar interactions: su crose-w ater, 
w ater-w ater and su crose-w ater. C ochrane et al sh o w ed  that, o sm o tic  p oten tia ls o f  the  
organ ic so lu tion s are m o stly  a fun ction  o f  the s iz e  o f  their so lu te  p articles For  
electro ly tes, th ey  reported a stronger in flu en ce  in term s o f  the w a ter-h o ld in g  
cap acities o f  ion s
Interactions b etw een  sugars and a lk alin e earth m eta l h a lid es such  as M g C l2  and C aC l2  
h ave b een  reported in a num ber o f  stud ies w h ere a su gar-cation  co m p lex  can  form , 
the hydrated cation  is  ab le to  coordinate w ith  the o x y g en  atom s o f  th e sugar m o lec u le  
(39,40,41,42, and 43) j^^^wamoto et al Suggested  that hydrated m agn esiu m  ion  is  ab le to  
ex ch a n g e its w ater m o lec u le  w ith  the o x y g e n  o f  the sugar m o le c u le  w h ere  
com p etition  b etw een  w ater and the g ly c o s id ic  o x y g e n  coord inatin g  w ith  m agn esiu m  
io n  is ob served  T h is w ill  h ave a direct a ffect on  its o sm o tic  pressure, due to  the  
reduction  o f  the e ffe c tiv e  concentration . K aw am oto  et al ob served  a sim ilar b eh aviour  
w ith  C aC l2 R ond eau  et al u sed  m id-infrared  Fourier transform  (M id -F T -IR ) and  
carbon thirteen nuclear m agn etic  reson ance N M R ) sp ectroscop y  to  in vestiga te  
in teractions b etw een  su crose and various m eta ls in  aq ueous so lu tion  T h e authors 
report that h ydrogen  b ond s break due to  th e hydration  o f  the m etal ion  and ob serv e  
the p o ss ib le  coord ination  o f  the m etal ion  to  th e o x y g e n  atom s o f  the su crose  
m o lec u le  H ow ever , th is  b ehaviour is n ot ob served  w ith  u n iva len t ca tion s, w h ich  
seem  n ot to  co m p lex  s ign ifican tly  to  sugars H o w ev er , it h as b een  reported that 
N a C l and K C l w eak en  the H -bon d  n etw ork  b etw een  su crose and w ater
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Therefore, regardless o f the application, the selection criteria for an optimum osmotic 
agent for a particular application should take into account the type o f chemical 
interaction(s) the agent(s) can create in the specified system.
The sugar molecule is sensitive to the solvent polarity which yields solute 
conformational changes and the solvent, on the other hand, may exhibit solvation and 
self association phenomena. As concentration is increased solute-solvent interactions 
become more complex and the clustering of solute molecules may occur as well 
Costa and Marilia reported the presence o f bridged water molecules between two 
adjacent hydroxyl group atoms in aqueous solutions of carbohydrates
Water is known as a high self associating liquid as well as a solvating (hydrating) 
agent. On the other hand the sucrose molecule with its eight hydroxyl groups, three 
hydrophilic oxygen atoms and fourteen hydrogen atoms can readily interact through 
hydrogen bonding with water as well as other sucrose molecules. In sugar molecules, 
the reactivity o f the hydroxyl groups in terms of hydration are not similar. According 
to a number o f reports the hydration number of maltose and sucrose are comparably 
very similar and more than the hydration number o f fructose
2.3.1. Synthesized Osmotic Agents
The emerging forward osmosis technology has recently attracted the study o f draw 
solutes. There have been a number of studies based on the artificial synthesis of 
osmotic agents where the drawn water can be easily released by the agents.
The Chung group has synthesized hydrophilic magnetic nanoparticles and 2- 
methylimidazole based compounds Polymer hydrogels have also been
designed as potential osmotic agents
2.4. Hydration Number
Water is an excellent solvent for ionic compounds, in general smaller ions can be 
hydrated more effectively than larger ions as shown in tables 2.1 and 2.2. The number 
of water molecules surrounding each type o f ion is the hydration number o f an ion 
Ionic hydration spheres in an electrolyte solution may take different shapes due to ion 
pairing phenomenon. The distance between each water molecule and the solute
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surface is specific to each type of solute depending on its charge density, the 
hydration and the extent of the hydration energy
Smaller ions contain more concentrated charges, therefore leading to a greater 
electrostatic interaction with polar water molecules. The hydration number o f an ion 
is directly proportional to the charge and inversely proportional to the size o f the ion. 
The effective radii of a hydrated ion in solution can be significantly more than their 
ionic or crystal radii. As illustrated in table 2.1 a correlation is observed for cations 
with the same charge: the smaller the cation crystal radii the larger the hydrated radii.
Table 2.1 Values of ionic radii and hydrated radii ^8, 29, 51]
Ions Ionic radii x 10'^  ^(m) Hydrated diameter x 10'*^  (m)
Mg2+ 71 800
100 600
Na+ 113 450
cr 167 300
so /- 230 400
Table 2.2 Values of the Hydration number
Ions Hydration Number
1 3 + 2
12 ± 2
Na+ 3.9 ±  0.5
2.5. Thermodynamics of Osmotic Pressure
The Chemical potential, j l l  , of any component in an isothermal system at equilibrium 
must be the same in every part o f the system where the component can travel. 
However, if a difference in the chemical potential occurs, then that component will 
move spontaneously fi"om a region where its potential is higher to a region where the 
potential is lower. Assuming all other potentials, gravitational, electrical, etc., are 
negligible the chemical potential due to changes in composition and pressure in the 
isothermal system is the dominating factor to be considered
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If one ean imagine a two component system, consisting of a solvent (component 1) 
and a dissolved solute (component 2), and a membrane or a vapour space which 
separates two phases, A and B, where only component 1 is allowed to travel through 
the membrane or a vapour space, equilibrium is reached when
(2 5.1)
The chemical potential, also known as the partial molal free energy o f a component, 
defined as the variation in the Gibbs free energy, G, of a system with the number of
moles, rii , o f component i when the absolute temperature, T , pressure, P, and the
quantities of all other components,/, are kept constant.
(2.5.2)
If pressure and temperature remain constant, G becomes a function o f composition 
only. At equilibrium dG =0, and composition is constant and component 2 cannot be 
transported
{dGlôn^)j.p„^dn^=Q (2.5.3)
Since the chemical potential is also a function of pressure, //j ean be differentiated 
with respect to moles of component 1 and pressure. Hence, the following equation is 
achieved
dju^  ={ônJdP)j.,^^dP^{djuJôn;)pp^^dn, (2.5.4)
At equilbrium: 
dfÂ^  — 0
Therefore, the sum of the terms on the right hand side of equation (2.5.4) must also be 
zero.
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It can now be seen that if the chemical potential of component 1 in A is higher than in 
B at the same pressure and temperature, there will be a net transfer o f dn\ moles of 
component 1 from phase A to B. However, to prevent this net transfer, the potential in 
the latter phase must be increased by an additional dP. Therefore, the osmotic 
pressure, , is the total extra pressure on phase B which is needed to maintain 
equilibrium:
(2.5.5)
Where the term (Mi )p+z showing the potential with the higher pressure, is the sum 
of the first term, at the same pressure P as that on phase A and the second
term which shows the added potential that has been derived from the increase 
pressure P to P + ;r.
2.6. Theoretical Model Used in Osmotic Pressure Determination
There are a number of theoretical models for the determination of the osmotic 
pressure that have been derived from expressions of the excess Gibbs free energy and 
from equations of state. The most widely established theories can be put into three 
categories: I) ideal dilute solutions, 2) non-ideal dilute solutions, and 3) non-ideal 
concentrated mixtures. This study will focus on the osmotic behaviour of non-ideal 
concentrated solutions.
As discussed in the previous (section 2.2) in a FO process the chemical potential of 
water in the two solutions, the feed and the draw respectively, are different; the feed, 
having a higher water chemical potential than the higher concentrated draw solution. 
A logarithmic equation determining osmotic pressure was initially established by van
Laar in the early nineteenth century and then later modified by a number of scientists
[55] _
Under isothermal conditions the chemical potential o f the water, //,, in a solution is 
given by
Po{T,P) ~  Al (T,P+n:) (2.6.1)
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This can be rewritten:
Mo{t,p) ~ /^ o(r,p+Æ-) RTIna  ^ (2.6.2)
Where:
//o standard chemical potential of water (J/mol)
//j chemical potential of water in a solution (J/mol)
R gas constant (8.314 J/mol.K)
T temperature (K)
solvent (water) activity, equal toi but decreases when solute concentration 
increases,
P pressure upon the solution (Pa)
The solute added to the water has decreased the activity o f the water by the amount 
RTIna  ^:
P‘0{T,p) ~ Pq{t,p+7:) — RTIncii = A/j. (2.6.3)
Thus, the amount of external pressure which must be added to the solution side to 
raise the activity of the water by the amount RTIna^, at constant temperature can be 
determined by
AG = Aju = (P2 -  Pj) (2.6.4)
Where, G is Gibbs energy (J) and is the molar volume of water (mVmol). Since 
P2 -P j is equal to - ;r ,  the negative sign refers to the direction of flow (from the low 
osmotic pressure side towards the high osmotic pressure side). Equations (2.6.3) and 
(2.6.4) can be combined to give the following
Aju = RTIna  ^ = -V^tt (2.6.5)
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Thus, the expression of the osmotie pressure is:
7T =  - Ina^  (2.6.6)
V" 1 y
Equation (2.6.6) assumes the solvent is incompressible.
Assuming ideal behaviour, the water activity for the solvent in aqueous solutions is 
given by the following:
Where is the water activity, /]  , are the fugacities of the pure solvent in the 
solution and at standard state. Pj and are the vapour pressure of solution and 
vapour of the pure solvent. If the vapour pressure is assumed as that of a perfect gas, 
the fugaeity is then considered equal to the vapour pressure and regarded as the 
“corrected” or “ideal” vapour pressure
Relative humidity of air is defined as the ratio of the vapour pressure of air to its 
saturation vapour pressure, as is taken as the percentage content of the vapour in air. 
Therefore, the following ean be written:
RH is the relative humidity of the air above the solution in equilibrium with the 
solution. When vapour and temperature equilibrium is reached, water activity o f a 
sample is equal to the relative humidity o f air surrounding a sample in a sealed 
measurement chamber.
The logarithmic equation can be written as:
f  V>'t \  ^ P  ^
n - - In (2.6.9)
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In the present study the logarithmic equation (2.6.6) using experimentally determined 
water activities of solutions at varying molality is used to determine the osmotic 
pressure of various electrolytes and non-eleetrolyte solutions. It is also assumed that 
molar volume, , is constant and that the solvent is not compressed by the increasing 
pressure that occurs from P XoP + tt
2.6.1. The van’t Hoff Limiting Law
One of the most commonly used formulas to calculate osmotic pressure is known as 
the van’t Hoff equation (van’t Hoff, 1887)
n^M RTi  (2.6.10)
Where M is the molar concentrations of the solution (mol/L of solution) and i is the 
number of ions dissociating into the solution and is known as the van’t Hoff factor (/).
Because of the simplicity o f van’t Hoff equation, it has limited applications. In ionic 
solutions, due to a phenomenon called ion pairing, a certain number o f the positive 
and the negative ions will randomly come together and form ion pairs. This reduces 
the total number o f free particles in solution, and consequently decreases the osmotic 
pressure from its ideally estimated value.
2.6.2. The van’t Hoff Factor (!)
The van’t Hoff factor (/) does not really correspond to the stoichiometry of the solute 
except for ideal solutions where: ->oc , is the equilibrium constant. At low
concentrations apart from infinite dilution, the number of species in which a solute 
dissociates is less than that obtained from the stoichiometry of the solute. Also, at 
high concentrations the number of species in solution should always be greater than 1.
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This can be shown by the following considerations:
>  For a solute dissociating into two ions such as NaCl:
+  (2 .6 .11)
(2 .6.12)
[NaCl]
In solution:
m c /< = > m + + c r
Initially I 0 0
At equilibrium I - x  x x
The total number of speeies in solution at equilibrium is:
2  = ( l - x ) + 2 x  (2.6.13)
I  = l  + x
K^= —  = —  (2.6.14)
I — X  1 — X
Where:
% = y ] - l  (2.6.15)
Therefore the number of species present in solution is of NaCl falls between:
1 < Z < 2
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> For a solute dissociating into three ions such as MgCh:
Where the equilibrium eonstant for MgCF in solution is:
In solution, initially at equilibrium:
+ (2.6.18)
Initially 1 0 0
At equilibrium 1 - x  x 2x
The total number of species in solution at equilibrium is:
X  = l  + 2x (2.6.19)
x = t ( X - l )  (2.6.20)
4x^
  (2 .6.21)
I - x
4
= (2 .6.22)
Equation (2.6.22) is simplified, thus, the following equation is reached:
= (2.6.23)
Therefore, the number of speeies present in solution falls within the limits:
1 < Z < 3
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2.6.3. Non-ideal dilute solutions
For non-ideal dilute solutions, the osmotie pressure ean be expressed in terms of 
series expansions in number densities o f small ions,
71 =  P T p ,
MfV
+ Ppa +Cp2 + ... (2.6.24)
Where: MW is the molecular weight o f the solute, is expressed as the number of 
colloid particles per unit volume. B, C, etc. are the osmotic virial coefficients and are 
functions of the temperature and the chemical potential of the species in the solution.
Lewis (1908) assumed a linear relationship between molar volume and the pressure, 
where he proposed an equation that incorporated the compressibility, k, constant, of 
the solvent, where: Xj is the mole fraetion of water
(2.6.25)
Table 1.1 shows a selection of equations predicting the osmotic pressure o f solutions. 
The equations show that osmotic pressure is proportional to the concentration and 
inversely proportional to the molecular weight.
Table 2.3 Selection of equations for the osmotic pressure 119]
Equations
71 = MRTi Ideal-dilute, incompressible solution
Non-ideal-dilute, ineompressible solution
RT , 
n = -p^\na,
Non-ideal-concentrated, incompressible 
solution
1 / 2 R T ,7C -  X, K7C = —-  In X. / 2 Ideal-dilute, compressible solution
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2.6.4. Osmotic Coefficient
Deviations from an ideal behavior of the solvent ean be eonsidered by introdueing an 
osmotic coefficient
^  _ Ti(real) (2.6.26)
Ti(ideal)
Ideality is aehieved when the concentration of the solution approaches infinite 
dilution. The solvent will obey Raoults law in a dilute solution containing one kind of 
solute, but not in a solution containing the same number of another kind o f solute 
Where, for dilute solutions the coneentration is expressed in terms of mole fractions, 
N, the following is deduced:
=n^/(n^+rij) (2.6.27)
Where:
a^=\  when N ^ = \
The solvent in a binary system obeys Raoult’s law when so long as the solute
obeys Henry’s law « 2  = K N i-  Weal solutions or very dilute solutions obey Raoult’s 
law, where a% and N\ will converge as Wj 1. The aetivity of a component here 
maybe related to a mole fraction activity coefficient:
«1 = (2.6.28)
An osmotie eoefficient, 0 , was introduced by Bjerrum^ ^^  ^ and termed the practical 
osmotic coefficient:
0  = Ina^  (2.6.29)
Where: nii is the molal coneentration of i solute, the value of v to be taken as the sum 
of all ions dissociating into the solution i.e. NaCl is equal to 2 and for a ternary 
mixture v is equal to five for Na2 S0 4 /MgS0 4  system while w/ represents the total 
molal concentration of all solutes.
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a 1000
M.
Ms is the molar mass (g mol"^ ) of the solvent, for water Q =55.51 mol kg'^
2.7. The Effect of Presence of Solutes on Osmotic Pressure of a Solution
The osmotic property o f a solution is directly related to the chemieal potential 
difference across the semi-permeable membrane. This in turn depends on the solute 
affeeting the water activity. The greater the solute-solvent interaction the lower is the 
water activity and consequently the lower is the chemieal potential leading to higher 
osmotic effect. This of course is directly related to the availability of free water 
molecules. The stronger the solute molecules (ions) are bounded to water, the higher 
the osmotic effect producing higher osmotie pressure. Figure 2.2 illustrates the 
driving forces involved in forward osmosis.
Saline
Cs
Draw Solution
Cd
ad
Pd
Driving Force
Cd>C,
ad (H2O) < asCHaO)
Semi-permeable membrane
Figure 2.2: Schematic representation of the driving forces involved in FO
Where Cs, Cd, as, ad and and are the concentrations, water activity and chemical
potential of the saline and draw solutions respectively.
In a solution solutes disturb the solvent strueture. In the case of water as the solvent, 
the presence of solute affects the structure of liquid water, whieh in the pure state is 
extensively hydrogen bonded.
In the case of an ionie solute, water moleeules are orderly positioned round the free 
ions, with the water molecules dipoles orientated round the ions.
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The presenee of highly bonded water moleeules affects the activity of water. It may 
be visualized that the more water moleeules are bonded to the ions, the fewer are the 
free unbounded water moleeules. This mean that water activity in solution, is lower 
than that in pure liquid water, and furthermore the water activity decreases as the 
solute concentration increases. Consequently, the chemical potential in solution 
decreases as the available free water molecules, i.e. water molecules unbounded to 
solute deereases or as the solute concentration increases.
In the pure liquid water, the moleeules are heavily hydrogen bonded in an ordered 
strueture. The presence of ions as illustrated above disturbs sueh structure by creating 
strong electrie fields around the water moleeules, the water dipoles are orderly 
arranged and strongly bound, thus affecting the freedom of water moleeules and 
influence their hydrogen bond system.
In the case of non-ionic solutes, different structures may be produeed depending on 
the nature of the solute molecules, polar or non-polar. In the former type, i.e polar 
solute, dipole-dipole and dipole-induced dipole interactions are manifested produeing 
struetures affeeting the free movement of water molecules, thus reducing the solution 
chemical potentials. Where the solute moleeules can hydrogen-bond to water 
molecules, this will greatly disturb the structure of liquid water which influence 
strongly the hydrogen-bonded water structure, and eould eonsequently deerease its 
chemieal potential.
In the case of non-polar solutes, the solute moleeules maybe enclosed in micelle type 
structures, thus again disturbing the hydrogen-bonded strueture of liquid water.
On adding a reagent that can influence the solute-solvent interaetion the osmotic 
pressure of the resulting solution may be greatly affected. The reagent may be a 
second solute, depending on the nature of the interaction (solute-reagent) and reagent- 
solvent, the system may exhibit different osmotic effect. The ternary system produced 
may show simple additive behaviour in which the osmotic pressure o f the solution is 
simply that of the sum of the osmotie pressure of the two corresponding solution of 
either the solute, that is:
^ternary ~  '^1  (2 .7 .1)
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Where and are the osmotie pressures of the eorresponding solutions o f solute 
(1) and solutes (2), respectively, where the coneentration of the ternary is equal to the 
sum of the eoncentrations of binary solution (1) and (2).
In the case where the solute interactions with one another and the solvent, 
individually or together, may affect the ehemical potential and water activity, two 
situations may arise.
Case I:
Case II:
t^ernary ^ 1^ +^2 (2.7.3)
In this study the former. Case I may be referred to as a system exhibitory positive 
synergy, and ease II may be referred to as a system showing negative synergy. The 
system that follows equation (1) may be called an additive system.
2.8. Forward Osmosis Technology
Commercially available membranes for FO processes have so far been mainly RO 
membranes and HTI (Hydration Technologies Ine. OR, USA) membranes made of 
cellulose triaeetate (CTA) Polybenzimidazole (FBI) and interfacial polymerization of 
polyamide have also been used
2.8.1. Types of Membranes
A membrane is a thin interface that controls the rate of permeation of the species in 
contact with it The rate of transport of a speeies through a membrane is inversely 
proportional to the thickness of a membrane. Since transport rates have a direet 
impact on process produetivity and therefore on process speeifie energy eonsumption 
it is important for membranes to be as thin as possible Materials used to make 
membranes include organic polymers, ceramie, metal and varying types o f liquids. 
Ceramic membranes which are a special class of microporous membranes are used in 
ultra and microfiltration processes where solvent resistance and thermal stability is 
necessary The standard types o f membrane are deseribed briefly below.
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2.8.1.1. Isotropic Membranes
>  Microporous Membranes
A microporous membrane is similar to a conventional filter in terms of its 
structure, however, the pore sizes are smaller than in a conventional filter, where 
the diameter o f the pores of a microporous membrane are in the order o f 0.01 -  
10 pm. The separation technique employed is mainly a function o f molecular size 
and pore distribution
> Nonporous, Dense membranes
Nonporous, Dense membranes, are made up o f a dense film, in whieh speeies are 
transported by diffusion under a driving force of either, pressure, electrical 
potential or concentration gradient. Most reverse osmosis use dense membranes 
to perform the separation
>  Electrically Charged Membranes
Electrically charged membranes are mostly microporous, with pore walls 
containing either positively charged ions referred to as an anion-exchange 
membrane or negatively charged ions and are called cation-exehange membranes. 
Electrically charged membranes can be dense as well as microporous. The 
separation technique is affected by the concentration and charge of the ions in 
solution
2.8.1.2. Anisotropic Membranes
>  Anisotropic membranes are made up of a very thin surface layer, supported on
a thicker porous substructure. ‘The separation properties and permeation rates 
of the membrane are determined by the surface layer, the substructure 
functions as a mechanical support’. Anisotropic membranes provide higher 
fluxes than other membranes and are therefore widely used commercial 
processes
2.8.2. Membrane Configuration
The most common membrane configurations used in FO desalination processes are:
>  Hollow fine fibre -  Composed of a bundle o f fine tubes inside a shell.
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> spirally wound -  The open end of the membrane is attached around a tube 
with permeate eollection wholes.
>  Plate and frame -  Thin membrane sheet supported by a frame structure
The membrane to be used in the FO pilot plant in this study is a hollow fine fibre 
membrane. A hollow fine fibre membrane is a porous cylindrical membrane 
composed of an outside shell and a bundle of fine tubes or lumen.
2.9. Membrane Transport Theory
2.9.1. Solution-Diffusion Model
One o f the most widely accepted explanation for the mechanism of permeation is the 
solution-diffusion model. This model uses diffiision as its basis, in whieh permeants 
are transported along a concentration gradient. Separation of the permeants is 
achieved because of the varying amount of species that dissolves in the membrane 
and the rate at which they diffuse through the membrane The solution-diffusion 
model assumes that the chemical potential gradient across the membrane is expressed 
purely as a concentration gradient and the pressure within a membrane remains 
eonstant. In the case o f water, which has a molecular diameter about 0.3 nm, a 
number of studies have reported that mass transfer of water across the membrane is 
carried by mainly diffusion not convection when the mean pore diameter o f the 
membrane is less than 0.5 nm
2.10. Water and Salt Fluxes aeross the Active Layer
One key factor for the successful development of an osmotic agent is its flux 
performance Based on the solution-diffusion model, water flux, across the 
membrane in FO is given by the following equation:
J ,„ = 4 „ ( A P - A ; r )  (2.10.1)
Where is the membranes overall water permeability coefficient. An is the osmotie
pressure difference aeross the membrane, and AP is the applied hydraulic pressure 
difference across the membrane.
When AP = 0 equation 2.10.1 ean be expressed as:
:!8
~  ^wi^DS ^F w ) (2 .10.2)
Where, and are the osmotie pressure difference between the draw and the
feed solution. The negative sign in equation (2.10.2) refers to the direction o f flux 
(from the low concentration side towards the high concentration side).
Similarly, the reverse salt flux, J s , is given by:
7 .= 5 ( c „ ,„ - C ^ ,J  (2.10.3)
Where B is the salt permeability coefficient of the membrane active layer. and 
Cp  ^ are the solute eoncentrations in solution at the membrane-solution interface on 
the draw solution and feed solution side, respectively.
Equation 2.10.2 does not consider the effects of concentration polarization. The solute 
permeability coefficient reflects the selectivity of a membrane.
2.10.1. External and Internal Concentration Polarization
Concentration polarization significantly hinders the performance of pressure driven 
membrane desalination processes. This phenomena dramatically reduces the effective 
osmotic pressure across the membrane and thus reducing the permeate flow
In the FO process external concentration polarization (ECP) occurs because the 
process requires two solutions on both sides of the membrane On the side o f the 
feed, the solution is concentrated at the membrane surface. However, at the 
membrane surface of the permeate side, the solution is diluted. This situation is 
referred to as ECP, this phenomenon occurs both on the feed and permeate side and is 
referred to as concentrative and dilutive ECP, respectively.
ECP becomes more significant when high fluxes are used, where the membrane 
surface coneentration on the feed side becomes greater than that of the bulk as solute 
is rejected, thus concentrating the feed solute on the membrane surface
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FO membranes are asymmetric causing one o f the boundary layers to occur within the 
porous support layer of the membrane and internal coneentration polarization (ICP) 
occurs. The factors affecting ICP are directly related to the membrane and therefore 
changing the processes operation parameters ean not reduce the affect. A number of 
reports have recognized that water flux reduced in FO is predominantly caused by 
ICP
This phenomenon has an effect on the solutes ability to diffuse out o f the 
concentrative ICP and into the dilutive ICP found in the porous layer. There have 
been a number o f studies in which membrane orientation in a forward osmosis system 
have been investigated Figure 2.3 depicts the effect of membrane orientation, 
illustrating the development of coneentration polarization on the FO process.
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Figure 2.3: The effects of membrane orientation on a forward osmosis process and the development of 
concentration polarization, a) normal mode with dense selective layer against the draw solution and b) 
reverse mode with the dense selective layer against the feed solution
The effect of ECP can be reduced by 1) increasing cross flow velocities 2) increasing 
temperature and 3) introdueing spacers to improve water flux across the membrane 
As reported in a number of studies flux is drastically improved by
reducing the ICP effect, this ean be done by changing the internal struetures of the 
porous layer of the membrane sueh as reducing the thickness of the porous layer, whieh 
is used as a support strueture for the membrane as well as improving tortuosity and
porosity [70,71]
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Tan et al investigated the reduction of ICP by changing the internal porous layer of the 
membrane represented by a solute resistance coefficient independent of diffusion, K*. 
They report that reducing K* increases the porosity and thereby minimizing the effect 
of ICP. To prevent the negative effects of ICP on the water flux o f a FO process the 
membrane should be designed to consist of a thin dense selective layer without a 
porous support layer but must also have enough structural strength to be able to carry 
out FO operations
2.10.2. Calculating Flux
Equation 2.10.2 shows , as a function of driving force in the absence of both ECP 
and ICP. In regards to ECP, this may be valid when permeate flux is low. This 
equation also assumes the membrane used is ideally impermeable to the solute used in 
the draw solution However, when flux rates are high equation (2.10.2) is modified 
to include both concentrative and dilutive ECP.
J... = A
J,
V y y
(2.10.4)
Where, and kj, are the mass transfer coefficients o f the, permeate and feed sides
of the membrane respectively. and are the osmotie pressures of the bulk of
the permeate and feed solutions respectively. Dilutive ECP term is indicated by the 
negative exponential term since in this case water flow displaces the draw solute at 
the membrane-draw solution interface, and thus the effective driving force o f the 
draw solution is reduced. Equation (2.10.4) assumes the membrane is symmetric, 
although at present no such membrane exists.
Estimation of mass transfer coefficient, k , can be calculated by using the generalised 
correlations of mass transfer Where the Sherwood number, iS/z, is taken to be 
related to the Reynolds number. R e, and Schmidt number. S c . The following is 
deduced:
S% = aRe"S'c" (2.10.5)
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where a , b and c are constants , and Sh = , Re =  ^ Sc = ^
A  //
The Sherwood number for different flow regimes in a rectangular channel
S'/I = 1.85 R e & -^I ^ (laminar flow) (2.10.6)
Sh = 0.04 Re"'" (turbulent flow) (2.10.7)
Here, is hydraulic diameter, and L is the length of the filtration channel. The mass
transfer coefficient, A:, is related to Sh and the difhisivity of the solute by the 
following equation:
k = —  (2.10.8)
Where D  is the solute diffusion coefficient.
2.10.2.1. External Concentration Polarisation
Mass transfer coefficient, k , ean be used to calculate the two modules of ECP. 
Concentrative ECP modulus can be calculated by:
F^,b V  ^ y
(2.10.9)
where, is the experimental permeate water flux, is the osmotic pressure o f  
the feed solution at the membrane surface and is the osmotie pressure o f the feed 
solution in the bulk.
Dilutive ECP modulus is defined as:
D^,b V  ^ y
(2 .10.10)
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Here, the membrane surface concentration of the draw solute is less than that of the 
bulk,  ^ is the osmotic pressure of the draw solution at the membrane surface and
 ^ is the osmotic pressure o f the draw solution in the bulk.
2.10.2.2. Internal Concentration Polarisation
In the case of asymmetric membranes ICP effects are more important, in this study 
the feed is placed against the active layer and the DS is against the porous layer. 
Dilutive ICP will occur on the permeate side since permeate is diluted by the water 
within the porous layer of the membrane. The solute diffusion coefficient plays a 
significant role in measuring the extent of this phenomenon and therefore is 
eonsidered when calculating the flux
According to Tan and Ng Coneentration polarization eould reduce water fluxes by as 
much as 50% of the theoretical water flux
Loeb et al describes the importance of taking into account a solute resistance to
diffusion The report describes how at any given point in the porous support layer
the solute coneentration, increases from the feed side to the draw side. This solute
flux is stopped at the membrane skin resulting in a further increase in concentration.
This shift in concentration gradient causes the back diffusion o f the solute to the feed.
Reverse salt diffusion has the potential to contaminate the feed solution, this could
pose problems when disposing of the concentrate stream in a FO desalination process 
[28]
The diffusion of solutes through a semi-permeable membrane is described by 
Tick’s Law:
J^.=BAC (2.10.11)
Where, is the solute flux and 5  is the solute permeability coefficient and AC is the
' >
solute coneentration difference aeross the membrane
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Therefore the water permeation flux, (actual) is less than (ideal), and can
be determined more accurately by taking into account a solute resistance to diffusion, 
K  (the solute resistivity for diffusion) within the porous support layer of the 
membrane which ean be defined as:
K  = —  (2.10.12)
Ds
Where/, s  and r are the thickness, tortuosity and porosity of the support layer, D  is 
the bulk diffusion coefficient. The solute resistivity for diffusion i f  is a measure of 
how easily a solute can diffiise into and out of the support layer
2.10.2.3. Dilutive Internal Concentration Polarisation
When the draw solution is placed against the support layer and the feed solution is 
placed against the active layer as in the case of FO, dilutive ICP occurs on the 
permeate side. Loed et al describes the effects o f dilutive ICP on membrane constants 
and water flux by the following relationship
J,.. =
Where, B is the salt permeability coefficient of the active layer and K , the solute 
resistance to diffusion, within the porous support layer of the membrane defined in 
equation (2.10.12).
When using pure water as the feed solution ( =0) and assuming the salt
permeability is negligible (B=0), equation 2.10.13 can be simplified into
K  =
V y
A tt
(2.10.14)
Equation 2.10.14 can also be simplified to the following if  it is assumed that the salt 
permeability is negligible, where B = 0.
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T = 4^ « ,»e> q )(-/.,.X )] (2.10.15)
Equation (2.10.15) relates the water flux with the water permeability eoeffieient and 
the effective osmotic driving force. is corrected by the modulus for the dilutive
ICP, given by:
-ejq3(-J,„JsO (2.10.16)
D,b
Where, . is the concentration o f the draw solution on the inside of the active layer
within the porous support layer. By substituting the concentrative ECP modulus into 
equation (2.10.15), the following is deduced:
= A
j  \
(2.10.17)
Equation (2.10.17) describes the water permeation flux in the presence of dilutive ICP 
and concentrative ECP. This relationship models the water flux for an asymmetric 
membrane, where the feed is placed against the active dense layer and the draw 
solution is placed against the porous support, as in FO desalination.
2.11. Diffusion Coefficient and Viscosity
The diffusion coefficient of a permeating molecule governed by Tick’s law is a 
measure of the frequency with which the molecule moves and the size o f each 
movement One of the most fundamental equations was derived by Einstein. He 
assumed the diffusing solute to be a sphere which is moving in a continuous fluid o f  
solvent
JcT
D = - ^  (2.10.18)
Amrj
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Where:
k = Boltzmann’s constant 
a = radius of the solute 
rj = viscosity o f the solution
Equation (2.10.18) is known as the Stokes-Einstein equation but is limited to large
solutes with radii greater than 5 - 1 0  A . For smaller sized solutes, the assumption of 
a solvent as a continuous fluid becomes less valid Thus, the Stokes-Einstein 
equation is replaced by the following form:
k T
D = - ^  4 < n < 6  (2.10.19)
nmrj
Where, n is known as the Stokes-Einstein coefficient.
Based on the Stokes-Einstein equation the diffusion coefficient o f solutes in a liquid 
changes gradually with molecular weight, since the diffusion coefficient is 
proportional to the reciprocal of radius, whieh in turn is approximately proportional to 
the cube root of the molecular weight o f the solute .
There are a number of known models in the literature, but one in which the diffusion 
coefficient is inversely proportional to the viscosity o f the solution (p c c T /r j  ) is
known as the Wilke-Chang equation Although, this method has shown to 
overestimate the diffusion coefficient in infinitely dilute solutions
The viscosity of an osmotic medium has been reported in a number o f studies in 
playing a direct role in the process performance. Petrotos et al investigated six 
different draw solutions for the coneentration of tomato juice, NaCl, CaCb, Ca(NOs)2 , 
sucrose, glucose and polyethylene glycol (PEG400) are shown in Table 2.4
The authors reported that the flux value was found to be inversely proportional to the 
square root of the viscosity. Table 2.4 shows the viscosity , driving force and flux of 
the solutions studied, it can be seen that although CaCb , PEG400 and glucose 
solutions result in higher osmotic pressure values, the NaCl solution which was found
37
to be the least viscous, was the best performer in terms o f water trans-membrane flux 
[76,77] viscosity is an important parameter in draw agent selection criterion.
According to the Wilke-Chang and Stokes-Einstein equation, the less viscous a draw 
solution is, the higher the mediums diffusivity. Thus, reducing the resistivity, K, of 
the solute in the membrane leads to higher osmotic fluxes
Parampaul et al determined the viscosity of saccharides in aqueous magnesium 
chloride solutions The viscosities of disaecharide sugars such as maltose
and sucrose aqueous solutions were almost twice as viscous as the monosaccharide 
sugars, fructose and glucose. Maltose was found to have higher viscosity than sucrose 
and glucose having higher viscosity than fructose. The authors reported an increase in 
viscosity of the sugars in aqueous solutions of magnesium chloride.
Table 2.4: Values of viscosity and corresponding driving force and flux
Osmotic
medium
NaCl
22.24%
(w/w)
CaCb
22.24%
(w/w)
Ca(N03)2
29.00%
(w/w)
PEG400
49.97%
(v/v)
Sucrose
58.29%
(w/w)
Glucose
62.86%
(w/w)
Viscosity in cp 
(25 "C)
1.9 2.35 2.9 14.0 40.5 103.0
An — AP (bar) 280.3 548.0 176.3 303.0 134.8 337.5
Flux (kg/m^ h) 3.10 2.33 1.80 0.70 0.55 0.37
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Chapter 3. Osmotic Behaviour - Methodology
3.1. Techniques for Osmotic Pressure Determination
Osmotic pressure is a colligative property related to other colligative properties such 
as vapour pressure, boiling point elevation, and freezing point. Colligative properties 
are properties o f solutions that depend on the number of solute molecules in a given 
volume of solvent and not on the properties of the molecules. Therefore, the 
techniques used for osmotic pressure determination o f a solution include the 
measurement of other colligative properties of the solution type The
methods available for osmotic determination are:
>  Boiling Point determination: not usually used for osmotic pressure 
determination due to the small range of elevation.
>  Freezing Point Osmometer: accurate but limited to low concentration 
solutions.
> Vapour pressure Osmometers: used for wide range of concentration solutions, 
used for non-volatile solutes, less accurate than the freezing point osmometers
[86, 87, 88, 89 ,90 , and 91]
> Membrane Osmometers: expensive, inaccuracies can arise from clogging of 
pore membrane preventing reproducibility.
>  Water Activity: is a physical-property of a solution that is thermodynamically 
related to the chemical potential. It can therefore be used to determine osmotic 
pressure
3.2. Background on Water Activity Determination by the Hygrométrie Method
Water activity, , is the ratio of the partial vapour pressure of water above a solution
to that above pure water at the same temperature. There are a number o f techniques 
for measurements. One such technique is the hygrométrie method in which a test 
sample is placed in a sealed measuring chamber, and the sample humidifies or 
dehumidifies the air volume inside the chamber until the equilibrium humidity is 
reached. This exchange takes place due to the partial water vapour pressure difference 
between the sample and the air. The duration of each measurement is largely 
dependent on the sample properties. As long as the sample and sensor temperatures
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are the same, the equilibrium relative humidity is equal to the water activity o f the 
sample.
There are different hygrométrie instruments available for the determination of water 
activity depending on the type o f the sensor used. The dew point measurement is an 
optical identification of condensation on a chilled mirror. The capacitive 
measurement uses a polymer, which expands with increasing humidity, thus changing 
capacitance. The resistive electrolyte cell utilizes liquid electrolyte, whose resistance 
changes when the humidity around is changed. However, the volatile compounds if 
present in the sample affect most of water activity equipments, as well as the vapour 
pressure osmometers.
The dew point measuring devices detect condensate on a mirror while cycling 
continuously the temperature around the dew point. Any dew formed on the mirror is 
subsequently re-evaporated into the sample chamber, which prevent sample moisture 
changes. The dew point data obtained can then be directly related to the water activity 
of the sample. Dew point sensing devices are reported to give an error of ± 0.003 
units in the 0.75-0.99 range. At lower values of i.e. at high solute 
concentrations, the accuracy falls because there is not enough vapour in the headspaee 
to cover the mirrored surface and change the reflectivity
Capacitance instruments consist of two charged plates separated by a polymer 
membrane dielectric. As the membrane adsorbs water vapour, its ability to hold an 
electric charge increases and the capacitance is measured. Since these instruments 
relate an electrical signal to relative humidity, the sensor must be calibrated with 
known salt solution standards. Accurate measurements with this type of system 
require good temperature control
The resistive electrolyte-cell instruments use a sensor based on an electrolyte, such as 
lithium chloride, deposited between two electrodes, and measure the change in 
electrical impedance as a function of absorbed water vapour. These instruments 
respond rapidly to change in relative humidity and have the advantage o f being 
portable and easy to use. Reported limitations are the loss o f accuracy due to sensor 
aging, eventual poisoning by absorbed volatiles, the hysteresis effects at high
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levels, and the need to frequent calibration. However, this technique has been 
comparatively used with the dew point method and found to be more accurate 
This technique has been utilized in several experimental studies for aqueous solutions 
of mixtures from sugar/sodium chloride and mixtures from glycerol/sodium
chloride
3.3. Instrument and Materials
The experiments to determine water activity o f an aqueous solution are based on the 
measurement of the relative humidity over an aqueous solution containing non­
volatile electrolytes. The instrument used in this study is Rotronic HygroLab 3 
Beneh-model manufactured by Rotronic (UK). The operation principle of this 
instrument is based upon the capacitive polymer sensor technique discussed above. 
The water activity apparatus used is illustrated in figure D .l in Appendix D. The 
instrument is calibrated using standard solutions supplied by the manufacturer. 
Experimentally, relative humidity is equivalent to water activity. The chemicals used 
and the concentrations of the solutions are outlined in Tables 3.1 and 3.2.
Table 3.1 : List o f solutes and concentrations used for the binary solutions
Solutes Solutes
Electrolytes Concentration (mol kg'^ ) Non-electro ly te Concentration
NaCl 0 .5 -6 .0 Maltose 0 .5 -2 .7
CaC12 0 .5 -6 .0 Sucrose 0 .5 -4 .5
MgC12 0.5 -  5.0 Fructose 0.5-6 .0
M gS04 0.5 - 2.4 Acetamide 0.5 — 6.0
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Table 3.2; List o f solutes and concentration range o f ternary solutions investigated
Mixed Solutes * Concentration (mol kg'^ )
NaCl + CaCb 1.0-4.0
MgClz + MgS0 4 1.0-3.6
MgCb + CaClz 1.0-3.6
NaCI + MgCb 1.0 - 5.0
NaCl + MgS0 4 1.0 -5.0
maltose + MgS0 4 1 .0 -4 .0
maltose + NaCl 1.0-5.4
maltose + MgCh 1 .0 -5 .4
maltose + CaCh 1.0-5.0
Acetamide + MgS0 4 1.0-7.8
Acetamide + NaCl 1.0-6.0
Acetamide + MgCh 1.0-11.6
Acetamide + CaCh 1.0-11.9
Acetamide + maltose 1.0 -6.0
sucrose + NaCl 2.0-6.0
fructose + NaCl 3 .0 -9 .0
sucrose + MgCh 1.3 -5.7
fructose + MgCh 2.3 -8.5
* Total Concentration in solution
The solutions tested are prepared from deionised distilled water and analytical grade 
agents with a minimum of 99.5% purity supplied by Sigma-Aldrich (UK). The 
preparation was carried out using Sartorius R300S analytical balance having an 
accuracy of ±0.001 g. Solutions’ samples are left in the hygrometer at (25 °C ±0.2  
°C) until equilibrium was reached. The hygrometer is kept in an incubator where a 
constant temperature is maintained. The duration of each run varied from 1 h for the 
high concentration solutions to 3 h for the less concentrated ones. The water activity 
measurements recorded are the average of three consecutive determinations. The 
density of solution was determined using the Anton Paar DMA 35 density meter.
3.3.1. Experiment accuracy and reproducibility
According to the instruments specifications, the water activity has an error of 
± 0.003. Each water activity measurement was the average of three replicates using 
the same stock solution. The difference between values was found to be less 
than ±3% . In order to gain confidence in the reliability of the data water activity
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measurements of 5 out o f the 26 systems (CaC12, MgCb, MgS0 4 , maltose + MgS0 4  
and acetamide + maltose) were repeated with another stock solution, the data with the 
error bars of the 5 systems are shown in Appendix C . The difference between values 
were found to be less than ± 3%
3.4. OLI Stream Analyser Software 2.0
OLI Stream Analyser 2.0 is computer software which uses a predictive 
thermodynamic framework for determining the osmotic pressure o f a system. OLI 
uses empirical relationships based on certain data and is therefore not an exact 
formulation.
3.5. Sample Calculation
Shown below is a sample calculation of osmotic pressure from experimentally 
obtained water activity measurements:
>  Solute Type: NaCl
I. Water Activity Equation 
7T = ------  Ina^
r :I y
(2.6.6)
Table 3.3: Sample caleulation o f NaCl solute
Amount of 
Deionised Water (g)
Amount of 
N aC l(g)
Molality (m) 
(mol/ kg H2O)
Water Activity 
Measured
Osmotic Pressure (atm) 
Calculated 
7T (eq. 2 .6 .6 )
40.03 2.34 1 .0 0.9716 39
V for NaCl 2
R (L.atm.mol'^K*^) 0.08206
(Molar Volume of H2O)
P  water
0.0181
Pwater ' Density o f water (kg/m^) at 298.15 K 997.05
water ~ Molecular Weight of water 18.015
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2. Van’t Hoff Limiting Law
n  = MRTi (2 .6.10)
Table 3.4: Sample calculation o f NaCl solute
Molality (m) 
(mol/ kg H2O)
Density of 
solution at 
298.15 K 
(kg/m^)
Molality (m) 
(mol/ kg 
H2O)
Osmotie Pressure (atm) 
Calculated 
;r(eq . 2 .6 .1 0 )
1 .0 1.1880 1 .1 2 54.8
Where:
M = Molarity (Number o f moles of solute per litre of solution) 
R = Gas Constant (0.08206 L.atm.mof^K'^)
T = Absolute Temperature (298.15 K) 
i = Number of dissociating ions (NaCl =2)
>  Molarity o f a solution was experimentally obtained by measuring the density 
of the solution.
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Chapter 4. Osmotic Behaviour - Results aud Discussion
A list of 500 organic and inorganic compounds were initially considered as draw 
agents, the list was reduced through a desktop screening exercise which eliminated 
compounds that are not solid or liquid at ambient temperature and pressure and were 
insoluble in water. After which, OLI Stream Analyzer was used on the remaining 
candidates to generate the maximum osmotic pressure o f the draw solution as a 
function of concentration. Draw solution with high osmotic pressure were then 
considered - eight binary systems were selected.
The osmotic behaviours of these systems and eighteen of the resulting ternary systems 
are investigated. The results are discussed in this section. Osmotic pressures for each 
system are calculated and presented in graphical format. Further tables displaying 
detailed results can be found in Appendix A.
As discussed in section 2.6 the Osmotic Pressure of both binary and ternary systems 
are determined using water activity data obtained experimentally as a function of 
molality using equation (2.6.6). The results are eompared with Osmotic Pressure data 
obtained from OLI stream analyzer 2.0 and the van’t Hoff law; these methods are 
discussed in chapters 2.0 and 3.0.
47
4.1. Binary Systems
Illustrated in Figure 4.1 are the experimentally determined osmotic pressure values as 
a function of molality for each of the binary systems studied.
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M ^ I2  (expt.)
— Maltose (expt.)1000  -
MgS04 (expt.)
CaC12 (expt.)
Ë
I  600 -
NaCl (expt.)
Acetamide (expt.)
I Sucrose (expt.)
Fructose (expt.)
200  -
2 3 4 60 5
Molality (mol/kg H 20)
Figure 4.1 : The Osmotic Pressure as calculated using equation (2.6.6) from experimentally determined 
activities, of all eight binary systems versus molality at 25 °C
As seen from Figure 4.1, the binary systems follow a general trend in which, osmotic 
pressure increases with increasing concentration. The binary systems of the 
electrolytes, MgCh and CaCb, produced the highest osmotie pressures followed by 
NaCl. With the exception of MgS0 4 , electrolyte systems have shown higher osmotic 
driving forces in comparison to non-electrolyte (sucrose, maltose, fructose and 
acetamide) systems.
From Figure 4.1, the order of increasing osmotic pressure for binary systems 
containing the same anion is MgCl2>CaCl2 >NaCl. It seems that ionic radii may be 
involved in the draw agent’s ability to generate high osmotic pressure. The binary 
systems containing the smallest sized cations have higher osmotic pressures, in 
comparison to the systems containing larger-sized cations. MgCh having the smallest 
ionic cation (Mg^ )^ has the highest osmotic pressure whilst the NaCl having the 
largest ionic radii out of the three cations (Mg, Ca, Na) produced the lowest osmotic 
pressure. Similarly the systems containing the smallest sized anion produced the
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highest osmotic pressure. For example, electrolyte, MgCl], having a smaller anion 
(CF) was able to produce higher osmotic pressures than electrolyte, MgSOq, with the 
same cation that contained the larger anion, (SOq' )^.
As discussed in chapter 2, smaller ions contain more concentrated charges and 
therefore lead to a greater electrostatic interaction with polar water molecules 
The more water molecules bound to the ion leaves less unbound water molecules in 
the system and therefore a higher osmotic pressure is obtained. Cochrane also 
reported that osmotic potential of electrolytes is a function of the water holding 
capacity of ions The water holding capacity o f ions can be estimated by 
calculating the bond energy, eh, which is the measure of bond strength in a chemical 
bond. The value of eh, is the energy of an individual ion-water bond, for electrolytes. 
The hydration bond energy for each ion, Ch+ and Ch- can be estimated according to 
their partial hydration energy and their individual hydration numbers:
M i
h^± =
hyd± (4.1.1)
Where:
^hyd± Enthalpy of hydration 
h^± Hydration number
Table 4.1 : Values o f enthalpy o f Hydration, Hydration number and bond energies
Ions A^,^,(kJ/mol)['('] Hydration Number Hydration Bond Energy ( )
-1953.9 13 -150
-1615.0 12 -135
Na+ -422.6 3.9 -108
cr -351.5 2.9 -121
S04 -^ -1016.7 10.9 -93
Another factor which seems to play a role in an osmotic agent’s potential to generate 
high osmotic pressure is the number of species dissociating in the solution as 
described in by van’t Hoff. In addition to the difference in ionic radii and hydration 
bond energies between MgCl] and MgSOq, the higher osmotic pressure generated by
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MgCl] could also be due to the greater number of ionic species present in the system. 
Similarly, in the case of CaCb and NaCl, besides ionic radii, the higher number of 
anionic species in CaCl2  is also another contributing factor to the higher osmotic 
pressure o f CaCl2  as compared to NaCl.
In the case of sugars, as depicted in figure 4.1. The osmotic pressures generated by 
all three sugars (sucrose, maltose and fructose) have similar values up to their 
saturation points. Fructose, being the most water-soluble of all the sugars was able to 
reach the highest osmotic pressure.
It can be seen from Figure 4.1 sugars (sucrose, maltose and fructose) seem to generate 
slightly higher osmotic pressures than the electrolyte MgSOq, This may be attributed 
to the high number of hydroxyl groups present in sugars therefore allowing the 
formation of hydrogen bonds with water molecules.
In case of the binary system, acetamide, the low osmotic pressure generated may be 
due to the fact that acetamide forms dimers in solution, in which the molecules 
associate and therefore effectively reducing the number of available sites to form 
bonds with water molecules
Solubility of an osmotic agent is one of the limiting factors in the agent’s ability to 
generate osmotic pressure. This can be seen when comparing the two systems, MgCl2  
and CaCl2 . CaCl2  being the more soluble o f the two systems, was able to produce the 
highest maximum osmotic pressure.
Acetamide is highly soluble in water, reaching a molality of over 30 molal. From 
Figure 4.1 it can be seen that acetamide is able to reach a higher osmotic pressure 
value both than Maltose and MgS0 4 .
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4.1.1 Comparison of experimentally determined Osmotic Pressure with OLI and 
the van’t Hoff equation for Binary Systems containing electrolytes (MgCh, 
CaC12, NaCl and MgS0 4 )
Figures 4.2 -  4.5 illustrate the differenees among the values of osmotic pressure 
determined experimentally using water activity, to be called the ‘activity model’ with 
that of osmotie pressure values calculated using van’t Floff equation and OLI stream 
analyzer. The graphs illustrate the osmotie behaviour of each solute in a binary 
system with increasing concentration.
The three systems containing chlorides (MgCb, CaC12, and NaCl) follow a general 
behaviour in which osmotie pressure increases steadily with increasing concentration. 
The osmotic pressure values obtained using OLI stream analyzer was higher than the 
other two curves obtained using the water activity model and Van’t Hoff. At lower 
concentrations, (NaCl < 3 molal, MgCl] and CaCl2 < 1 molal) all three models (Van’t 
Hoff, OLI and Activity Model) gave similar values of osmotie pressure. However, at 
higher concentrations the Van’t Hoff equation curve considerably diverges away from 
both the OLI and the experimental curve, this effect is more visible in the systems 
containing MgCC and CaCb. The experimental curve and the curve obtained using 
OLI data shows similar trends and are in better agreement with each.
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Figure 4.2; The Osmotic Pressure of NaCl + water system versus molality at 25 °C
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Figure 4.3: The Osmotic Pressure of CaClz + water system versus molality at 25 °C
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Figure 4.4: The Osmotic Pressure of MgCla + water system versus molality at 25 °C
In the case of MgS0 4 , in contrast, to the binary systems containing chlorides, the 
van’t Hoff formula gives higher values of osmotic pressure than the other two models.
52
100
-*— M gS04 (Van't Hoff) 
* — M gS04 (expt.) 
^ M g S 0 4  (OLI)
S
60 -
3
Ë
C-
I
I
6
40 -
20 -
0 0.5 I 1.5 2 2.5 3
M olality (mol/kg H2Ü)
Figure 4.5; The Osmotic Pressure of MgSO^ + water system versus molality at 25 °C
One possible reason behind the considerable deviation o f  experim entally determined  
osm otic pressure values with the values o f  osm otie pressure calculated using the van’t 
H o ff formula, is the ionic interactions. In an ideal or in very dilute solution an 
individual ion is entirely surrounded by solvent m olecules over large distances, and 
the distance to the closest ion, o f  either cation or anion, is effectively  infinite and no 
ion-ion interactions are present In an ideal solution there are no charged species  
close to an ion to affect neither the number nor the orientation o f  water m olecules in 
the hydration shell o f  an ion as reported in a number o f  studies
H ow ever, at higher concentrations the mutual distance between ions decreases, so that 
ion-ion interactions take place These interactions change the number o f  bounded  
water m olecules in the hydration shell o f  ions and, in turn, changes the number o f  free 
water m olecules available in solution. D ue to the change in the number o f  free, 
unbound water m olecules the effective concentration o f  the system  changes resulting 
in the deviation from van’t H o ff ideal behaviour.
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4.1.2. Comparison of experimentally determined Osmotic Pressure with OLI and 
the Van’t Hoff equation for Binary Systems containing organic solutes (Sucrose, 
Maltose, Fructose and Acetamide)
Figures 4.6 -  4 .9  illustrates the differenees am ong the values o f  osm otie pressure 
determined experim entally using water activity w ith that o f  osm otic pressure values 
calculated using the V an’t H o ff formula and OLI stream analyzer. The graphs 
illustrate the osm otie behaviour o f  each solute in a binary system  with increasing  
concentration.
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Figure 4.6: The Osmotic Pressure of Maltose + water system versus molality at 25 °C
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Figure 4.7: The Osmotic Pressure of Sucrose + water system versus molality at 25 °C
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Figure 4.8: The Osmotie Pressure of Fructose + water system versus molality at 25 °C
Similar to the electrolyte containing binary systems, the binary systems containing 
organic solutes (sucrose, maltose, fructose and acetamide) follow a general behaviour 
in which osmotic pressure increases steadily with increasing concentration, with the 
exception of acetamide, which shows slight fluctuations.
In case of the systems containing sugars, the osmotic pressure values obtained using 
the activity model and OLI stream analyzer have similar values and follow the same 
trend. While the osmotic pressure calculated using the van’t Hoff equation showed 
considerably lower osmotic pressure values.
As mentioned earlier, the deviation of the experimentally determined osmotic 
pressure values from the values predicted using the van’t Hoff formula are possibly 
due to the presence of different types of intermolecular or intramolecular interactions 
in the system that are not taken into account for by the van’t Hoff formula.
For example in case the of sucrose solution there are at least three elementary types of 
molecular interactions that take place, water-water, sucrose-water and sucrose- 
sucrose, all resulting in the formation of intermolecular hydrogen bonds, likewise 
aggregates between already formed sucrose-sucrose or sucrose-water associates are 
possible as well
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In pure liquid water, the molecules are heavily hydrogen bonded in an ordered 
structure. With the addition of sucrose molecules the above mentioned interactive 
forces are manifested producing structures effecting the free movement of water 
molecules thus reducing the solutions chemical potential and therefore having a 
direct affect on the osmotic pressure.
For the binary system containing acetamide as a solute, as shown in figure 4.9, the 
curve based on data generated using the Van’t Hoff formula was slightly higher in 
osmotic pressure value but in good agreement with the curve generated using OLI.
The curve based on the activity model determined experimentally, showed slight 
fluctuations and overall displayed slightly lower values of osmotic pressure. These 
variations could be attributed to inter-molecular and intra-molecular forces present in 
the acetamide binary system
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Figure 4.9: The Osmotic Pressure of Acetamide + water system versus molality at 25 °C
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4.2 Cost of Binary Systems
The specific cost of each draw solution was determined by calculating the cost of 
solute needed in 1 litre of water to make up a draw solution with an osmotic pressure 
of 50 atm (sea water osmotic pressure is approximately 27.6 atm) and is illustrated in 
the Table 4.2 and Figure 4.10. The cheapest draw agents were NaCl, Sucrose and 
MgCb.
Table 4.2: Draw solution unit and specific cost. Unit Cost was acquired from Sigma Aldrich, UK. 
Specific cost is defined as the cost of draw agent required in 1 L of water to make a draw solution with 
an osmotic pressure of 50 atm, osmotic pressure was obtained using OLI.
Draw Solution Cost, £/kg Specific Cost, £/L
NaCl 15 0.93
MgCh 28 1.67
CaCh 35 2.15
MgS04 52 11.83
Sucrose 2* 1.22
Maltose 54 45.15
Fructose 16 5.30
Acetamide 85 12.05
* Unit Cost obtained from commercial suppliers
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Figure 4.10: Cost of draw agent required in IL of water versus osmotic pressure.
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4.3. Ternary Systems
This section deals with the osmotic behaviour of eighteen ternary systems (listed in 
table 3.2 section 3.3) consisting of components seleeted from the previously studied 
binary systems (described in section 4.1) by using the aetivity model at 25 °C. Out of 
these eighteen ternary systems studied, fourteen were studied at equimolal 
eoneentrations of solutes and four were investigated at varying concentrations of the 
two solutes making up the ternary system.
The ternary system containing NaCl + MgCb + H2 O was studied both at equimolal 
and varying eoneentrations of MgCb and NaCl. This ternary system was selected to 
study further as it contains the strongest osmotie agent MgCb and cheapest and easily 
available NaCl as well as their equimolal ternary system showed strong positive 
synergy.
It is to be noted that in comparing osmotic pressures of solutions whether binary or 
ternary, the same total molality is maintained. Thus, the molality o f a ternary 
M(temary) made up of solutes A and B, M(temary)=M(A)+M(B), it is made up from 
mixing = 1/2M of A and 1/2M of B. Thus the osmotic pressure of binary of A of M=1 
and of binary of B of M=1 is to be compared with the osmotie pressure of ternary 
(A+B) of M =l, which is made up as mentioned above from 1/2M of solute A and 
1/2M of solute B. Therefore the molalities and osmotic pressure of the ternary and the 
eorresponding two binaries follow the relationships:
M(temary) = M 1+M2  (4.3.1)
As diseussed in section (2.7.), regarding the behaviour of osmotic pressure there are 
two possibilities;
>  one in which the osmotic pressure o f the ternary system is simply the sum of the 
osmotic pressure of the two corresponding solution of two solutes, that is:
t^ernary = ^\ +^2 (2-7.1)
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Where and are the osmotie pressures o f the corresponding solutions of 
solute (1) and solutes (2), respeetively. In this study, this will be referred to as 
an additive system.
Or
> the osmotic pressure of the ternary system shows synergic effects, which means 
the solutes interaet with one another or/and with the solvent differently 
individually or together and therefore may affect the chemical potential and 
water activity. Thus, instead of an additive system, the following two situations 
may arise.
a:
t^ernary ^ "b ^ 2 (2.7.2)
b:
(2-7.3)
The former, ease a, may be referred to as a positive synergy system, while case b, 
may be referred to as a negative synergy system.
In the discussion of synergy the reference is made to the differenee of osmotic 
pressure between the mixture and the sum of the osmotie pressure of the two binary 
components which is referred to as the Synergie Factor, where:
Synergic -  Factor = ) (4.3.2)
Where is the osmotic pressure of a mixture A and B and and is the
osmotic pressure of the binaries A and B respectively.
For each ternary system the following will be diseussed:
> Comparing the osmotie pressure o f the ternary system with their binary 
eounter parts.
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> Comparison of experimentally determined osmotic pressure of the ternary 
systems with values generated by OLI and the van’t Hoff formula.
4.3.1. Ternary Systems Containing Electrolytes
The following ternary systems containing electrolytes have been studied and are 
diseussed below:
> NaCl + CaCl] + Water
> MgCb+ MgS0 4  + Water
> MgCb + CaCl] + Water
> NaCl + MgCl] + Water
> NaCl + MgS0 4  + Water
4.3.1.x. Sodium Chloride and Calcium Chloride (NaCl + CaCl% + Water)
The osmotie pressure of the ternary system containing two electrolytes was
determined experimentally using the aetivity model and compared with that of 
osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated figures 4.11, for equimolar solutes.
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Figure 4.11 : The Osmotic Pressure of NaCl + CaCh + water system (of equimolar solutes)
versus molality at 25 °C
It is clear from figures 4.11 the experim entally determined osm otic pressure has the 
low est values but fo llow s a similar trend to that o f  the data generated by OLI. 
O sm otic pressure predicted by the van’t H off formula, on the other hand, show ed a 
different trend and has osm otie pressure highest o f  all three m odels.
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In order to investigate the change in osmotic behaviour, the ternary system is 
compared with the sum of the osmotic pressure of their binary counter parts. This 
comparison was made for both the activity model and the values generated by OLI as 
illustrated in figure 4.12 and 4.13.
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Figure 4.12: The Osmotic Pressure of the ternary mixture, NaCl + CaCh + water, compared to the Sum 
of the Osmotic Pressure o f the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.13: The Osmotic Pressure of the ternary mixture, NaCl + C aC f + water, compared to the Sum 
of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from OLI.
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In both cases, activity model and OLI, the osmotic pressure of the ternary system, 
NaCl + CaCb + water, displayed positive synergistic behaviour, and thus the 
following trend is noted:
n,„/x (4.3.3)
However, in case of the activity model, the synergic factor remains roughly constant 
with increase in solute concentration, while a steady increase is observed in the case 
of the data generated by OLI.
It was also observed that the osmotic pressure reached is limited by the decrease in 
solubility of solutes in the ternary system.
4.3.I.2. Magnesium Chloride and Magnesium Sulphate (MgCl2+ MgS0 4  + 
Water)
The osmotic pressure of the ternary system containing electrolytes (MgCb and 
MgS0 4 ) was determined experimentally using the activity model and compared with 
that of osmotic pressure values calculated using the van’t Hoff formula and OLI 
stream analyzer as illustrated figures 4.14, for equimolal solutes.
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ogure 4.14: The Osmotic Pressure of MgCh + MgSO^ + water system (for equimolal solutes)
versus molality at 25 °C
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Figure 4.14 shows that in the case of the ternary system containing MgCb and 
MgS0 4 , the aetivity model and OLI behave similarly and deviate from van’t Hoff 
formula.
The osmotie pressure of the ternary system containing MgCl] and MgS0 4  is 
compared with the sum of the osmotic pressure of their binary counter parts, as 
illustrated in figure 4.15 and 4.16.
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Figure 4.15: The Osmotic Pressure of the ternary mixture, MgCh + MgSO^ + water, as compared to 
the Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken
from experimental measurements.
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Figure 4.16: The Osmotic Pressure of the ternary mixture, MgClz + MgSO^ + water, as compared to 
the Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C,
data taken from OLI.
In both the cases, activity model and OLI, the osmotic pressure of the ternary system, 
MgCh + MgS0 4  + water, displayed positive synergistic behaviour, and thus follows 
the trend below:
(4.3.4)
However, similar to the NaCl + CaCb ternary system, the data generated using OLI 
showed a steady rise in the synergic factor as solute concentration increased. In the 
ease of the data obtained using the activity model, the synergic factor remained 
roughly constant.
4.3.I.3. Magnesium Chloride and Calcium Chloride (MgCH + CaCL + Water)
The osmotic pressure of the ternary system containing equimolal electrolytes (MgCh
and CaCb) was determined experimentally using the activity model and compared 
with that of osmotic pressure values calculated using the van’t Hoff formula and OLI 
stream analyzer as illustrated figures 4.17.
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Figure 4.17: The Osmotic Pressure of MgCi^ + CaCl] + water system (of equimolal solutes)
versus molality at 25 °C
Similar to the electrolyte ternary systems discussed above in this section, the activity 
model and OLI behave similarly and deviate from the curve obtained using the van’t 
Hoff formula.
Figures 4.18 and 4.19 show osmotic pressure values of the MgCh + CaCb + water 
mixture and the sum of the osmotic pressure of MgCl] and CaCh binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.18: The Osmotic Pressure of the ternary mixture, CaC^ + MgCb + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.19: The Osmotic Pressure of the ternary mixture, CaCl2 + MgCl2 + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C,
data taken from OLI
In both the cases, activity model and OLI, the osm otic pressure o f  the ternary system,
M gC b + CaCI] + water, displayed positive synergistic behaviour, and thus follows
the trend below:
(4.3.5)
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4.3.I.4. Sodium Chloride and Magnesium Sulphate (NaCl + MgS0 4  + Water)
The osmotic pressure of the ternary system containing the electrolytes NaCl and
MgS0 4  determined experimentally was compared with that of osmotic pressure 
values calculated using the van’t Hoff formula and OLI stream analyzer as illustrated 
figures 4.20, for equimolal solutes.
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Figure 4.21: The Osmotic Pressure of NaCl + MgS0 4  + water system (for equimolal solutes)
versus molality at 25 °C
It is clear from figure 4.20 that the curve obtained using the van’t Hoff formula 
deviates significantly from both the activity model curve and OLI.
Figures 4.21 and 4.22 show osmotic pressure values of the NaCl + MgSOq + water 
mixture and the sum of the osmotic pressure of NaCl and MgS0 4  binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.21 : The Osmotic Pressure o f the ternary mixture, NaCl + MgSO^ + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.22: The Osmotic Pressure of the ternary mixture, NaCl + MgSO^ + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
OLI
In both the cases, activity m odel and OLI, the osm otic pressure o f  the ternary system,
NaCl + M gS04+ water, displayed positive synergistic behaviour, and thus follows the
trend below:
(4.3.6)
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4.3.I.5. Magnesium Chloride and Sodium Chloride (MgCh + NaCl + Water)
The osmotic pressure of the ternary system containing equimolal concentrations of
MgCl2  and NaCl was determined experimentally using the activity model and 
compared with that of osmotic pressure values calculated using the van’t Hoff 
formula and OLI stream analyzer as illustrated figures 4.23, for equimolal solutes
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Figure 4.23: The Osmotic Pressure of MgCh + NaCl + water system (for equimolal solutes)
versus molality at 25 °C
As with all the previous electrolyte systems discussed in this section the 
experimentally determined curve is in agreement with the curve obtained using OLI, 
this is not the case for the curve based on van’t Hoff.
Experimentally determined and OLI generated osmotic pressure values of the ternary 
system, were compared with the sum of the values of osmotic pressure of the binary 
counter parts as shown in figures 4.24 and 4.25.
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Figure 4.24: The Osmotic Pressure of the ternary mixture, MgCla + NaCl + water (for equimolal 
solutes), compared to the Sum of the Osmotic Pressure of the individual binary systems versus molality 
at 25 °C, data taken from experimental measurements.
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Figure 4.25: The Osmotic Pressure o f the ternary mixture, M gC^ + NaCl + water (for equimolal 
solutes), compared to the Sum of the Osmotic Pressure of the individual binary systems versus molality
at 25 °C, data taken from OLI.
In both the cases, activity m odel and OLI, the osm otic pressure o f  the ternary system ,
M gCl] +  NaCI + water, displayed positive synergistic behaviour, and thus fo llow s the
trend below:
(4.3.7)
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H owever, the experim ental ternary mixture, illustrated in figure 4.24, show s an 
increase in the synergie factor after 2.5 molal.
A s m entioned earlier in this section, this ternary system  w as selected to be studied  
further by varying the concentrations o f  M g C f  and NaCl. This is because; 1) positive  
synergism  w as observed at equim olal concentrations in the ternary system , 2) M g C f  
w as found to be the strongest osm otic agent in terms o f  osm otic pressure generation 
and 3) NaCl is cheapest and m ost available solute out o f  the selected solutes in this 
study.
4.3.1.5.1. Varying concentrations of MgCh and NaCl ternary system obtained 
experimentally
O sm otic behaviour o f  ternary system s containing a fixed concentration o f  NaCl (1 m olal 
and 2 m olal) and a varying concentration o f  M g C f w as experim entally determined using  
the activity m odel. This behaviour is shown in Figure 26 along with the osm otic pressure 
behaviour o f  the tw o binary system s: NaCl +  water and; M g C f  +  water for comparison.
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Figure 26; The Osmotic Pressure of the binary and ternary solutions of M gC f and NaCl versus
molality at 25 °C,
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A t lower concentrations (0 .2 -0 .5m) o f  M gC l], the ternary system s containing 1 molal 
NaCl, is able to reach osm otic pressure values, either higher or approxim ately the 
same as that o f  the binary system  containing M gC b that was show n to have 
considerably higher osm otic pressure than NaCl in section 4 .1 . This behaviour, where 
the mixture produces higher or equal to the osm otic pressure o f  the strongest binary 
system  is not observed in equim olal ternary system s as w ill be discussed further in 
section 4 .3 .5 .
Similar behaviour is also observed in the ternary system s containing a fixed  
concentration o f  M gC b (1 m olal and 2 m olal) and a varying concentration o f  NaCl as 
illustrated in Figure 27. A t lower concentrations o f  N aC l, the ternary system s  
containing 1 m olal and 2 m olal o f  M gC l2 where the mixture is able to obtain osm otic  
pressure values approxim ately equal or higher than the osm otic pressure o f  M gC b  
binary system  (the stronger osm otic pressure generating system  out o f  the tw o).
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Figure 27: Osmotic pressure of the binary and ternary solutions ol'M gCF and NaCl
versus molality at 25 °C
Figure 28 and table 4.3 show  osm otic pressure data for experim entally determined 
ternary system  compared to the sum o f  the experim entally determined individual
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binary systems (NaCl and MgCb). Due to the sensitivity of the water aetivity 
instrument, the synergistic factor could not be calculated experimentally for lower 
concentrations and therefore figure 4 and table 1 contains osmotic data for higher 
solute concentrations only.
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Figure 28: The Osmotic Pressure of the ternary mixture, MgCb + NaCl + water, compared to the Sum of 
the Osmotic Pressure of the individual binary systems versus molality at 25 °C
It is clear from the data shown in Figures 26 and 27, that for the ternary mixture of 
MgCf + NaCl, positive synergistic affects is observed, although, the degree o f the 
synergism depends on the ratio of the electrolytes in the mixture. These results, along 
with the data from section 4.3.1.5. support the fact that NaCl and M gCf are 
interacting pairs in a ternary system.
A monotonous increase in a positive synergic factor is observed when increasing the 
NaCl concentration in the Im MgCf +NaCl system. The opposite trend is observed in 
the Im NaCl + MgCf system, increasing the MgCf concentration while maintaining the 
concentration of NaCl in this system results in a decrease in the positive synergic factor, 
as illustrated in Table 4.3.
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Table 4.3: Experimentally obtained osmotic pressure of binary and ternary systems of MgCf, NaCl, 
and H2O at 25 °C.
MgCb
(mol/kg
H2O) (atm)
NaCI
(mol/kg
H2O)
^NaCl
(atm)
Mixture
(mol/kg
H2O)
^Mix
(atm)
'^^NaC.l
(atm)
Synergic Factor
^mlx ~  ^ ^MgCh. ^NaCl)
(atm)
1 74 1 39 2 173.1 113 60.1
74 2 83 3 231.3 157.2 74.1
1 74 2.5 107 3.5 267.1 181 86.1
1 74 3 145 4 311 219 92
74 4 196 5 435 270 165
2 204 1 39 3 345.1 243 102.1
2.5 320 1 39 3.5 446.7 359 87.7
3 430 1 39 4 550.4 469 81.4
4.3.I.6. Discussion for Electrolyte -  Eleetrolyte Ternary systems
The systems containing electrolytes followed a general behaviour in which osmotic
pressure increases steadily with increasing concentration.
It is clear that all ternary systems given above, consisting o f a mixture of electrolyte 
(A) and electrolyte (B) displayed positive synergistic behaviour. This means that the 
agents in the system are interacting pairs and have a higher osmotic pressure than in 
the binary solution in which the solute concentration is the same as that present in the 
ternary.
Overall, the osmotic pressure determined experimentally using the activity model had 
the lowest values, however followed a similar trend generated by OLI. The osmotic 
pressure predicted by the van’t Hoff formula gave the highest values except in the 
case of the ternary system, MgC^ + MgS0 4  + H2 O, where the curve obtained using 
OLI gave the highest osmotic pressure values.
As discussed in section 4.1, a possible reason behind the deviations of experimentally 
determined osmotic pressure from the values of osmotic pressure calculated using the 
van’t Hoff formula, is the presence of ionic interactions. In ionic solutions, due to a
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phenomenon termed ion pairing, positive and negative ions will randomly come 
together and form ion pairs. This decreases the total number of free particles in 
solution, and consequently reduces the osmotic pressure from its ideal estimated value 
from van’t Hoff In an ideal or in very dilute solution the individual ion is entirely 
surrounded by solvent molecules over large distances, and the distance to the closest 
ion, of either cation or anion, is effectively large and very weak ion-ion interactions 
are present
4.3.2. Ternary Systems Containing Maltose and an Electrolyte
The following ternary systems containing maltose and electrolytes have been studied
and are discussed below:
>  Maltose + MgS0 4  + Water
>  Maltose + NaCl + Water
>  Maltose + MgCl2  + Water
>  Maltose + CaCl2  + Water
4.3.2.I. Maltose and Magnesium Sulphate (C12H22O11 + MgS0 4  + Water)
The osmotic pressure o f the ternary system containing the maltose (sugar) and an
MgS0 4  (electrolyte) was determined experimentally using the activity model and 
compared with that o f osmotic pressure values calculated using the van’t Hoff 
formula and OLI stream analyzer as illustrated figures 4.29, for equimolal solutes.
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Figure 4.29; The Osmotic Pressure of Maltose + MgSO^ + water system (of equimolal solutes)
versus molality at 25 °C
As illustrated in figure 4.29 the experimentally determined data is in good agreement 
with the data generated by OLI, however van’t Hoff predictions shows a significantly 
different trend.
Figure 4.30 and 4.31 show osmotic pressure values of the maltose + MgSOa + water 
ternary system and the sum of the individual osmotic pressure values of maltose and 
MgSOa binary systems obtained experimentally and using OLI, respectively.
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Figure 4.30: The Osmotic Pressure of the ternary mixture, Maltose + MgS0 4  + water, as compared to 
the Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken
from experimental measurements.
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Figure 4.31 : The Osmotic Pressure of the ternary mixture. Maltose + MgS0 4  + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data from OLI.
It is evident that in both cases, activity model and OLI, the maltose and MgS0 4  are 
interacting pairs in a ternary solution and have a higher osmotic pressure than the sum 
of the individual osmotic pressure values of the binary systems. Thus, positive 
synergistic behaviour is noted:
^ m i x  ^ f l jV la lio se ^ ^ M g S ( \ (4.3.8)
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4.3.2.2. Maltose and Sodium Chloride (C12H22O11+ NaCl + Water)
The osmotic pressure of the ternary system containing maltose and NaCl was
determined experimentally using the activity model and compared with that of 
osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated Figure 4.32, for equimolal solutes.
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Figure 4.32: The Osmotic Pressure of Maltose + NaCI + water system (of equimolal solutes)
versus molality at 25 °C
As in the case of the ternary system containing maltose and NaCl the experimentally 
determined data is in good agreement with the data generated by OLI, however van’t 
Hoff predictions shows a different trend as illustrated in figure 4.32
Figure 4.33 and 4.34 show osmotic pressure values of the maltose + NaCl + water 
ternary system and the sum of the individual osmotic pressure values of maltose and 
MgS0 4  binary systems obtained experimentally and using OLI, respectively.
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Figure 4.33: The Osmotic Pressure of the ternary mixture, Maltose + NaCl + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.34: The Osmotic Pressure o f the ternary mixture. Maltose + NaCl + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
OLI.
In the case of the experimentally determined osmotic pressure values, the maltose + 
NaCl ternary system displays positive synergistic behaviour, which decreases with 
increasing concentration levels up to 4 molal, after which additive behaviour is 
observed. While in the case of the data obtained from OLI addition behaviour is 
observed, where:
n. M a lto se  N a d (4.3.9)
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4.3.2.3. Maltose and Magnesium Chloride (C1 2H2 2 O1 1+ MgCb + Water)
Experimentally determined osmotic pressure of the ternary system containing maltose
and the electrolyte MgCb are compared with that of osmotic pressure values 
calculated using the van’t Hoff formula and OLI stream analyzer as illustrated Figure 
4.35, for equimolal solutes.
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Figure 4.35: The Osmotic Pressure of a Maltose + MgCl2 + water system (of equimolal solutes)
versus molality at 25 °C
The three models display similar trends seen in previous systems, where both the 
experimentally determined osmotic pressure values are in good agreement with the 
data generated using OLI and different from van’t Hoff.
Figure 4.36 and 4.37 show osmotic pressure values of the maltose + MgCb + water 
ternary system and the sum of the individual osmotic pressure values of maltose and 
MgCb binary systems obtained experimentally and using OLI, respectively.
80
400
-*— Mixed (expt)350 -
300 - — Addition (expt)B
f  250 -
i  200 -
"  .5 0 -0
1 100 -
50 -
2 30 4 5 6
Molality (mol/kg H 2 0 )
Figure 4.36: The Osmotic Pressure of the ternary mixture, Maltose + MgClz + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.37: The Osmotic Pressure of the ternary mixture. Maltose + MgCl] + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C,
data taken from OLI.
There is no significant difference between the osmotic pressure of the ternary system, 
maltose + MgCb + water, and the sum of the two binary systems (maltose, MgCb) 
Thus, both the experimentally determined data and the data generated by OLI show 
additive behaviour, where:
n „,ix ~ ^Maltose + (4.3.10)
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4.3.2.4 Maltose and Calcium Chloride (C1 2H2 2 O 11 + CaCh + Water )
Experimentally determined osmotic pressure of the ternary system containing maltose
and the electrolyte CaCl] are compared with that of osmotic pressure values 
calculated using the van’t Hoff formula and OLI stream analyzer as illustrated in 
Figure 4.38, for equimolal solutes.
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Figure 4.38: The Osmotic Pressure of Maltose + C aC f + water system (of equimolal solutes)
versus molality at 25 °C
Figure 4.38 illustrates that the experimentally determined data is in good agreement 
with the data generated using OLI, however, at higher concentrations the 
experimentally determined curve shows a decrease in osmotic pressure.
Figures 4.39 and 4.40 show osmotic pressure values of the maltose + CaCb + water 
ternary system and the sum of the individual osmotic pressure values of maltose and 
CaCb binary systems obtained experimentally and using OLI, respectively.
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Figure 4.39: The Osmotic Pressure o f the ternary mixture, Maltose + CaCF + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.40: The Osmotic Pressure of the ternary mixture. Maltose + CaCl2 + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
OLI.
According to figure 4.39 the synergistic behaviour of the ternary system containing 
maltose + CaCb + water initially shows positive synergy but gradually the synergic 
factor decreases and finally at the concentration of 5 molal the systems shows 
negative synergism. While the data generated by OLI shows the same behaviour as all 
the other ternary systems containing maltose, that is, the systems display additive 
behaviour.
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4.3.2.S Discussion for Systems containing Maltose and an Electrolyte
As in the case of the ternary systems containing electrolytes, the systems containing
maltose and electrolytes follow a general behaviour in which osmotic pressure 
increases steadily with increasing concentration. Overall, there is a good agreement 
between the experimentally determined osmotic pressure calculations and OLI and 
both curves deviate from the osmotic pressure values based on van’t Hoff formula. In 
general, the curves based on van’t Hoff formula were seen to predict the highest 
osmotic pressure values.
As mentioned earlier in this chapter, the deviation of the experimentally determined 
osmotic pressure values from the values predicted using the van’t Hoff formula are 
possibly due to the presence o f intermolecular or intra-molecular interactions in the 
system that are not taken into account by the van’t Hoff formula. In pure liquid water, 
the molecules are heavily hydrogen bonded in an ordered structure. With the addition 
of another molecule the interactive forces are manifested producing structures 
effecting the free movement of water molecules thus reducing the solutions chemical 
potential and therefore having a direct affect on the osmotic pressure
Similar to the ternary systems containing electrolytes only, the systems containing 
maltose and an electrolyte show positive synergism, except in the case of the maltose 
and MgCli system, however, these systems (maltose + electrolyte) result in smaller 
synergic factors than systems with electrolytes only.
In terms o f the data generated by OLI, the ternary systems containing maltose and 
electrolytes show additive behaviour. Therefore, it seems that OLI assumes no 
interactions are present between the sugar molecule and an electrolyte.
The presence of synergism in the ternary systems containing maltose and electrolytes 
shows the presence o f interactions between sugars and alkaline earth metal halides 
such as MgCl] and CaCb as reported in a number of studies where a sugar-cation 
complex can form, the hydrated cation is able to coordinate with the oxygen atoms of 
the sugar molecule. Although, such behaviour is not observed with univalent cations, 
which seem not to complex significantly to sugars However it has been reported 
that NaCl and KCl weaken the H-bond network between sucrose and water
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Thus, interactions between organic compounds and electrolytes play a role in the 
osmotie behaviour of the ternary systems.
4.3.3. Ternary Systems containing Acetamide
Acetamide is an organic compound and is the simplest amide derived from acetic acid 
and is highly soluble in water. The following ternary systems containing acetamide 
have been studied and are discussed below:
> Acetamide+ MgS0 4  + water
> Acetamide + NaCl + water
> Acetamide + MgCl] + water
> Acetamide + CaCb + water
> Acetamide + maltose + water
4.3.3.1. Acetamide and Magnesium Sulphate ( C H 3 C O N H 2  + MgSÛ4  +  Water)
The osmotic behaviour of ternary system consisting of acetamide and magnesium 
sulphate was determined experimentally using the activity model at 25°C and 
compared with that of osmotic pressure values calculated using the van’t Hoff 
formula and OLI stream analyzer as illustrated in Figure 4.41, for equimolal solutes.
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Figure 4.41 : The Osmotic Pressure of Acetamide + MgSO^ + water system (of equimolal solutes)
versus molality at 25 °C
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Figure 4.41 illustrates similar to all other ternary systems diseussed the 
experimentally determined data is in agreement with the data generated using OLI, 
where as van’t Floff has given considerably higher osmotic pressure values.
Figure 4.42 and 4.43 show osmotic pressure values of the acetamide + MgS0 4  + 
water mixture and the sum of the osmotie pressure of acetamide and MgS0 4  binary 
systems obtained experimentally and using OLI, respectively.
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Figure 4.42: The Osmotic Pressure of the ternary mixture, Acetamide + MgSO^ + water, compared to 
the Sum of the Osmotic Pressure of the individual binary systems versus molality at 
25 °C, data taken from experimental measurements.
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Figure 4.43: The Osmotic Pressure of the ternary mixture, Acetamide + MgSO^ + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C,
data taken from OLI.
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It is evident from figure 4.42 that the osmotie behaviour of the ternary system, MgCf 
+ MgS0 4  + water, obtained experimentally, displays negative synergistie behaviour, 
and thus the following trend is noted:
^  mix Acetam ide  ”^ f l  MgSO^ (4.3.11)
However, the data obtained using OLI, as shown in figure 4.43 displayed the opposite 
result, i.e. positive synergistic behaviour:
Acetamide'^^ ^MgSO^ (4.3.12)
4.3.3.2. Acetamide + Calcium Chloride (CH3CONH2 + CaCL + Water)
The osmotie behaviour of ternary system consisting of acetamide and CaCb was
determined experimentally using the activity model at 25°C and compared with that 
of osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated in Figure 4.44, for equimolal solutes.
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Figure 4.44: The Osmotic Pressure of Acetamide + CaCL + water system (of equimolal solutes)
versus molality at 25 °C
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Figure 4.45 and 4.46 show osmotic pressure values of the acetamide + CaCb + water 
mixture and the sum of the osmotic pressure of acetamide and CaCl] binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.45: The Osmotic Pressure of the ternary mixture, Acetamide + C aC f + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.46: The Osmotic Pressure of the ternary mixture, Acetamide + C aC f + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
OLI
In both cases, data obtained by the aetivity model and OLI for the ternary system, 
aeetamide + CaCl] + water, displayed negative synergistic behaviour and increases 
with increasing concentration, the following trend is observed:
(4.3.13)
4.33.3. Aeetamide + Magnesium Chloride (CH3 CONH2  + MgCh  +  Water)
The osmotic behaviour of ternary system consisting of aeetamide and MgCb was 
determined experimentally using the aetivity model at 25°C and compared with that 
of osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated in Figure 4.47, for equimolal solutes.
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Figure 4.47: The Osmotic Pressure of Aeetamide + MgCh + water system 
versus molality at 25 °C
Figure 4.48 and 4.49 show osmotic pressure values of the aeetamide + MgCh + water 
mixture and the sum of the osmotic pressure of aeetamide and MgCb binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.48: The Osmotic Pressure of the ternary mixture, Aeetamide + MgCl2 + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.49: The Osmotic Pressure of the ternary mixture, Aeetamide + MgCl^ + water, compared to 
the Sum o f the Osmotic Pressure of the individual binary systems versus molality at 
25 °C, data taken from OLI
The activity model and OLI both predicted similar synergic behaviour for the 
aeetamide + MgCL + water mixture, at lower concentrations both (activity model and 
OLI) display additive behaviour, where the following can be written:
^  mix ^  A eetam ide (4 .3. 14)
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W hile at higher concentrations the systems show negative synergy:
n mix ^(-etamide MgCl^ (4.3.15)
4.3.3.4. Aeetamide and Sodium Chloride (CH3CONH2 + NaCI + Water)
The osmotic behaviour of ternary system consisting of aeetamide and NaCl was
determined experimentally using the activity model at 25°C and compared with that 
of osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated in Figure 4.50, for equimolal solutes.
400
«
350 - --
300 -
250 -
I  200
Ch
.a
S 150 
S
100 H
50 -
— Equal Molar - 
Aeetamide + NaCl 
(Van't Hoff)
-■— Equal Molar - 
Aeetamide + NaCl 
(expt.)
-A—Equal Molar- 
Aeetamide + NaCl 
(OLI)
0 2 4 6 8
Molality (mol/kg H20)
Figure 4.50: The Osmotic Pressure of Aeetamide + NaCl + water system (of equimolal solutes)
versus molality at 25 °C
Figure 4.51 and 4.52 show osmotic pressure values of the aeetamide + NaCl + water 
mixture and the sum of the osmotic pressure of aeetamide and NaCl binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.51 ; The Osmotic Pressure of the ternary mixture, Aeetamide + NaCi+ water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken from
experimental measurements.
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Figure 4.52: The Osmotic Pressure obtained for the mixture, Aeetamide + NaCl+ water, compared to 
the Sum o f the Osmotic Pressure of the individual binary systems versus molality at 25 °C, data taken
from OLI.
The osmotic behaviour shown by the experimentally determined ternary system, 
aeetamide + NaCl+ water, displays positive synergistic behaviour. While the data 
generated by OLI initially shows, at lower concentrations, additive behaviour. This 
behaviour changes to negative synergy as the concentration increases.
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4.3.3.5. Aeetamide and Maltose (CH3CONH2 + C12H22O11 + Water)
The osmotie behaviour of ternary system consisting of aeetamide and maltose was
determined experimentally using the aetivity model at 25°C and compared with that 
of osmotic pressure values calculated using the van’t Hoff formula and OLI stream 
analyzer as illustrated in Figure 4.53, for equimolal solutes.
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Figure 4.53: The Osmotic Pressure of Aeetamide + Maltose + water system (of equimolal solutes)
versus molality at 25 °C
Figure 4.54 and 4.55 show osmotie pressure values of the aeetamide + NaCl + water 
mixture and the sum of the osmotie pressure of aeetamide and NaCl binary systems 
obtained experimentally and using OLI, respectively.
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Figure 4.54: The Osmotic Pressure of the ternary mixture, Aeetamide + Maltose + water, compared to 
the Sum o f the Osmotic Pressure of the individual binary systems versus molality at 
25 °C, data taken from experimental measurements.
250
-*— M ixed (OLI)
-■— Addition (OLI)
200  -
s
ICh
■|
I
6 50 -
2 3 4 60 5 7
Molality (mol/kg H 2 0 )
Figure 4.55: The Osmotic Pressure o f the ternary mixture, Aeetamide + Maltose + water, compared to 
the Sum of the Osmotic Pressure of the individual binary systems versus molality at 
25 °C, data taken from OLI.
The activity model and OLI both predicted similar synergic behaviour for the 
aeetamide + maltose + water mixture, in which negative synergism increases with 
increase in concentration, this trend is more visible in the case of the data generated 
by OLI as illustrated in Figure 4.55. This trend can be written in the following 
manner:
mix A eetam ide M a lto se  (4.3.16)
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4.3.3.6 Discussion of Ternary Systems containing Aeetamide
As observed with all other systems, the osmotic pressure o f ternary systems
containing aeetamide increases with increasing concentration. In general, the curve 
obtained experimentally for the ternary systems containing aeetamide was similar to 
the curve based on OLI but showed lower osmotic pressure values. The curve based 
on the van’t Hoff formula predicts the highest values of osmotic pressure and 
followed a different trend. Overall, experimentally determined osmotic pressure of 
ternary systems containing acteamide, show negative synergy except, in the case of 
the system containing aeetamide and NaCI.
Aeetamide is able to form a number of interactions with other solutes in solution. It is 
able to form hydrogen bonds with water and is also known to associate into dimers at 
low and high concentrations. Aeetamide can also form complexes with metals where 
alkaline earth metal cations Mg^ "^  and Ca^ "^  highly chelate with the aeetamide. 
However, the alkali metal cation Na"*" is poorly chelated to aeetamide Such
interactions would have an impact on the number of available free water molecules in 
the system, thus changing the effective concentration and therefore affecting the 
osmotic pressure.
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4.3.4. Ternary Systems containing Sugar (Sucrose and Fructose) and an Electrolyte
The following ternary systems are discussed below:
> Sucrose + NaCl + H2 O
> Fructose + NaCl + H20
> Sucrose + MgCl] + H2 O
> Fructose+ MgCb + H2 O
4.3.4.1. Sucrose and Sodium Chloride (Sucrose + NaCl + Water)
Osmotic behaviour of ternary systems containing a fixed concentration of sucrose (1 molal 
and 2 molal) and a varying concentration of NaCl was experimentally determined using the 
aetivity model. This behaviour is shown in Figure 4.56 along with the osmotic pressure 
behaviour of two binary systems: Sucrose + water and; NaCl + water.
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Figure 4.56: Osmotic pressure of the binary and ternary solutions of Sucrose and NaCl versus molality at 25 °C
Figure 4.56 shows that the osmotic pressure of the ternary mixture containing 1 molal sucrose 
and varying levels of NaCl produced the osmotie pressure either higher or equal to the binary 
system producing the highest osmotic pressure i.e. NaCl. This behaviour is observed 
throughout the concentration range. However, the ternary system containing 2 molal of 
sucrose and varying concentrations of NaCl show this behaviour at lower concentrations, 
similar to the previous systems (NaCl + MgCb + H2 O) studied earlier in this section.
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Figure 4.57 and Table 4.4 show osmotic pressure data for experimentally determined ternary 
system compared to sum of the experimentally determined individual binary systems (NaCl 
and sucrose). Due to the sensitivity of the water activity instrument, the synergistic factor 
could not be calculated experimentally for lower concentrations and therefore figure 4.57 and 
table 4.4 contains osmotie data for higher solute concentrations only.
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Figure 4.57; The Osmotic Pressure of the ternary mixture, Sucrose + NaCl + water, compared to the 
Sum of the Osmotic Pressure of the individual binary systems versus molality at 25 °C
Positive synergy is observed when comparing the osmotic pressures of experimentally 
determined ternary systems of sucrose + NaCl + H2 O, with that of the sum of the 
experimentally determined individual binary systems (NaCl and sucrose).
97
Table 4.4: Experimentally obtained osmotic pressure of binary and ternary systems o f Sucrose, NaCl, and 
H ,0  at 25 °C.
Sucrose
(mol/kg
H20)
^ S u c r o s e
(atm)
NaCI
(mol/kg
H20)
^ N a C l
(atm)
Mixture
(mol/kg
H20)
^ M ix
(atm)
^ S u c r o s e  ^ N a C l  
(atm)
Synergic Factor
^ m ix  Sucrose ^ N a C i' )
(atm)
1 27 1 39 2 98.3 66 32.3
1 27 2.5 107 3.5 179.3 134 45.3
1 27 4 196.4 5 265.4 223.4 42
2 65 1 39 3 133.7 104 29.7
2 65 2.5 107 4.5 212.1 172 40.1
2 65 4 196.4 6 307.2 261 46.2
At higher concentrations, the ternary system containing 1 molal sucrose, displays a similar 
trend in synergism to the ternary system containing 2 molal sucrose, as seen in table 4.4..
4.3.4.2 Sucrose + MgCh + H2 O
Osmotic behaviour of ternary systems containing a fixed concentration of sucrose (1 molal 
and 2 molal) and a varying concentration of MgCf was experimentally determined using the 
activity model. This behaviour is shown in Figure 4.58 along with the osmotic pressure 
behaviour of two binary systems: sucrose + water and; MgCf + water.
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Figure 4.58: Osmotic pressure of the binary and ternary solutions of Sucrose and MgCU
versus molality at 25 °C
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It is clear from figure 4.58 that the osmotic pressure values for experimentally determined 
ternary systems are lower than the strongest performing binary system (MgCb + H2 O). Table
4.5 shows osmotic pressure data for experimentally determined ternary system and sum of 
the experimentally determined individual binary systems (Sucrose and MgC^).
Table 4.5: Experimentally obtained osmotic pressure o f  binary and ternary systems o f  Sucrose, M gC f and 
H2O at 25 °C.
Sucrose
(mol/kg
H20)
^ S u c r o s e
(atm)
MgClz
(mol/kg
H20) (atm)
Mixture
(mol/kg
H20)
^ M ix
(atm)
^ S u c r o s e  ^ M g C l^
(atm)
Synergic Factor
^ m ix  Sucrose ^ M gC l^  )
(atm)
1 27.4 1.5 139* 2.5 191.7 166.4 25.3
1 27.4 2.5 320 3.5 343.4 347.4 -3.7
1 27.4 3.5 588.5* 4.5 591.7 615.9 -24.2
2 65.2 1 74 3 179.3 139.2 40.1
2 65.2 1.5 139* 3.5 229.7 204.2 25.5
2 65.2 2.5 320 4.5 380.5 385.2 -4.7
2 65.2 3.5 588.5 5.5 595.9 653.7 -57.8
•  Data obtained by extrapolation of MgCb + H2O curve
The ternary systems containing a fixed concentration of sucrose and varying levels of MgCb 
displayed both positive and negative synergism as shown in Table 4.5. Both ternary systems 
(1 molal or 2 molal sucrose) displayed the same trend, in which increasing the levels of 
MgCl2  results in an increase of negative synergism. This synergism may be due to the 
possibility of interactions between sugars and alkaline earth metal halides such as MgCb, as 
reported in a number of studies, where a sugar-cation complex can form. The hydrated cation 
is able to coordinate with the oxygen atoms of the sugar molecule, where the cation salt, 
MgCl2  may affect the sugar system
4.3.4.3 Fructose + NaCl + H 20
Osmotic behaviour of ternary systems containing a fixed concentration of fructose (2 molal 
and 5 molal) and a varying concentration of NaCl was experimentally determined using the 
activity model. This behaviour is shown in Figure 4.59 along with the osmotic pressure 
behaviour of two binary systems: fructose + water and; NaCl + water.
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Figure 4.59: Osmotic pressure of the binary and ternary solutions of Fructose and NaCl
versus molality at 25 °C
It is clear from Figure 4.59 that at lower concentrations of NaCl, the ternary systems 
eontaining 2 molal fructose is able to obtain osmotie pressure values higher or equal to the 
osmotie pressure of NaCl binary system (the stronger osmotic pressure generating system of 
the two binary systems).
Figure 4.60 and Table 4.6 show osmotic pressure data for experimentally determined ternary 
system and sum of the experimentally determined individual binary systems (NaCl and 
fruetose). Due to the sensitivity of the water activity instrument, the synergistie factor could 
not be caleulated experimentally for lower eoneentrations and therefore Figure 4.60 and table 
4.6 eontains osmotie data for higher solute eoneentrations only.
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Figure 4.60: The Osmotic Pressure of the ternary mixture, Fructose + NaCl + water, compared to the Sum of the 
Osmotic Pressure of the individual binary systems versus molality at 25 °C.
Both systems displayed positive synergism, however, the 2 molal fructose system produeed 
the highest synergistic affect in which the synergic factor values are almost twice as the 
values produced in 5 molal fruetose system.
Table 4.6: Experimentally obtained osmotic pressure of binary and ternary systems o f Fructose, NaCl, and 
HzO at 25 °C.
Fructose
(mol/kg
H20)
^ F r u c to s e
(atm)
NaCl
(mol/kg
H20)
^ N a C l
(atm)
Mixture
(mol/kg
H20)
^ M ix
(atm)
^ F r iic ts o e  ^ N a C I
(atm)
Synergic Factor
^ m ix  ~  (^ F n ic l to s e  +  ^ N a C l )
(atm)
2 55 1 39 3 148.7 94 54.7
2 55 2.5 107 4.5 224.8 162 62.8
2 55 4 196.4 6 314 251.4 62.6
5 162 1 39 6 229.7 200.6 29.1
5 162 2.5 107 7.5 297.1 268.6 28.5
5 162 4 196.4 9 369.8 358 11.8
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4.3 A A  Fructose+ MgCI] + H 2O
Osmotic behaviour of ternary systems containing a fixed concentration of fructose (2 molal 
and 5 molal) and a varying concentration of MgCb was experimentally determined using the 
activity model. This behaviour is shown in Figure 4.61 along with the osmotic pressure 
behaviour of two binary systems: fructose + water and; MgC^ + water.
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Figure 4.61; Osmotic pressure of the binary and ternary solutions of Fructose and M gC f 
versus molality at 25 °C
Similar to the ternary system containing, Sucrose and MgCf, the osmotic pressure values for 
experimentally determined ternary systems are lower than the strongest performing binary 
system (MgCl2 + H2 O). Table 4.7 shows osmotic pressure data for experimentally determined 
ternary system and sum of the experimentally determined individual binary systems (fructose 
and MgCb).
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Table 4.7: Experimentally obtained osmotic pressure of binary and ternary systems of Fructose, MgCf and 
H2O at 25 °C.
Fructose
(mol/kg
H20)
^Fructose
(atm)
MgCh
(mol/kg
H20) (atm)
Mixture
(mol/kg
H20)
^M ix
(atm)
^Fructose +
(atm)
Synergic Factor
^m ix Fructose ^MgCl^ )
(atm)
2 55 1 74 3 215.3 129 86.3
2 55 1.5 139* 3.5 253.9 194 59.9
2 55 2.5 320 4.5 409.5 375 34.5
2 55 3.5 588.5* 5.5 656 643.5 12.5
5 161.6 1 74 6 288.7 235.6 53.1
5 161.6 1.5 139* 6.5 346.9 300.6 46.3
5 161.6 3.5 588.5* 8.5 705.3 750.1 -44.8
* Data obtained by extrapolation of MgCb + H2O curve
In both fructose containing ternary systems (2 and 5molal), positive synergism is found, but 
decreases gradually with increase in MgCb concentrations. In the 5m fructose ternary system, 
at the concentration of 3.5 molal MgCl] a large negative synergic factor is obtained. As 
described in the case of sucrose + MgCl2  ternary systems, interactions between sugars and 
MgCl2  has been found in a number o f studies which maybe responsible for this synergistic 
behaviour.
4.3.4.S Discussion of Ternary Systems containing Sugar (Sucrose and Fructose) and an 
Electrolyte.
Negative synergistic effects were only observed in case of the ternary mixtures of sucrose and 
MgCl2  and to a lesser extent with fructose and MgCl2  as shown in Tables 4.5 and 4.7. This 
may be due to the possibility of complexation over and above ion formation where the salt 
cation, may affect sugar systems
Interactions between sugars and alkaline earth metal halides such as MgCb and CaCb have 
been reported in a number of studies where a sugar-cation complex can form, the hydrated 
cation is able to coordinate with the oxygen atoms of the sugar molecule. Although, such 
behaviour is not observed with univalent cations, which seem not to complex significantly to 
sugars However it has been reported that NaCl and KCl weaken the H-bond
network between sucrose and water
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Positive synergie faetors were ealeulated for the sugar-electrolyte systems and were found to 
be significantly smaller than the values of eleetrolyte-electrolyte (MgCl] + NaCl) system. 
Thus, interactions between sugar and electrolytes play less of a positive role in the osmotie 
affect, than interaction found in mixtures of electrolytes.
4.3.5 Experimentally Determined Osmotic Pressure of Ternary Systems consisting of 
Equimolal Solutes.
The osmotic pressure data for all these systems are depicted in figure 4.62.
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Figure 4.62; The Osmotic Pressure as calculated using equation (2.6.6) from experimentally determined 
activities o f all ternary systems studied versus Molality at 25 °C.
As seen from Figure 4.62, the highest values of osmotie pressure reached at the highest 
concentrations used were obtained by the ternary system eontaining the electrolytes MgCf 
and CaCf. Both of these electrolytes were also the strongest performers in case of the binary 
systems. The lowest values of osmotie pressure were generated by the ternary system 
eontaining aeetamide and MgS0 4 , similarly, these agents were the weakest performers in the 
binary systems. This behaviour was observed for all other equimolal ternary systems
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investigated. It was also observed that solubility limit o f a solute is affected by the presence 
of another solute in a ternary system. This has an affect on the maximum attainable osmotie 
pressure o f a system.
As seen from Figure 4.62 the ternary systems containing the smallest sized anion, Cl ', 
exhibited higher osmotie pressures, MgCl] + CaCl2  + water system contain the highest 
number of chloride ions and produced the highest osmotie pressure values within the 
concentration range tested. This relationship between ionic size and osmotic pressure was 
also observed with systems eontaining cations as the system eontaining smallest sized cations 
also exhibited the highest osmotie pressure.
The ternary system which generated the lowest osmotic pressure was that of aeetamide and 
MgSOq. This may be due to the bonding of lone pair o f the nitrogen atom of the amide group 
in actemide with Mg"^  ^ ions, and thus effectively reducing the number of available sites for 
hydrogen bonding with the water molecules.
Aeetamide + Maltose ternary system gave the second lowest osmotie pressure values this 
could be due to the hydrogen bonding that could occur between the aeetamide molecule and 
Maltose molecules and therefore reducing the sites available to the water molecule.
Maltose a non-eleetrolyte, produced higher osmotie pressure values than the electrolyte 
MgSOq this may be due to the presence of the high number of hydroxyl group of the Maltose 
molecule and therefore attracting higher number of water molecules.
Figures 4.63 -  4.75 illustrate experimentally determined osmotie pressure as a function of 
concentration of the equimolal ternary systems. From Figures 4.63 - 4.75 it can be see that 
equimolal ternary systems were unable to generate osmotic pressure more than the strongest 
binary component in the mixture. However, interestingly the systems eontaining the mixed 
solutes MgCb and NaCl, Sucrose and NaCl and Fructose and NaCl illustrated in Figures 
4.26, 4.27, 4.56 and 4.59 respectively, were able to achieve higher osmotic pressures than the 
strongest binary component in the mixture. For example, the ternary system eontaining 
equimolal concentration of MgCl2  and NaCl produced osmotic pressure less than the osmotie 
pressure produeed by MgCl2  (the stronger osmotic agent), while the ternary systems
105
containing Im NaCl and 0.2 to 0.5m MgCb of was able to reach osmotic pressure values, 
either higher or approximately the same as that of MgCb.
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Figure 4.63: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems M gC f + CaCh compared to the binary systems, M gC f + H2O and CaCl2 + H2O at 25 °C.
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Figure 4.64: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems NaCl + CaCb compared to the binary systems, NaCl + H2O and C aC h+ H2O at 25 °C.
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Figure 4.65: Experimentally determined osmotic pressure as a function of concentration of the equimolal ternary 
systems MgClz + NaCl compared to the binary systems, M gC E^ HgO and NaCl + H2O at 25 °C.
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Figure 4.66: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems MgCl^ + MgSO^ compared to the binary systems, MgCl^ + H2O and MgS0 4  + H^O at 25 °C.
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Figure 4.67: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems NaCl + MgSO^ compared to the binary systems, NaCl + FI2O and MgSOz, + H2O at 25 °C.
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Figure 4.68: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Aeetamide + CaCl2 compared to the binary systems, Aeetamide + H2O and CaCl2 + FI2O at 25 °C.
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Figure 4.69: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Aeetamide + NaCl compared to the binary systems, Aeetamide + H2O and NaCl + H^O at 25 °C.
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Figure 4.70: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Aeetamide + Maltose compared to the binary systems, Aeetamide + H2O and Maltsoe + FEO at 25 °C.
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Figure 4.71 : Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Aeetamide + MgClz compared to the binary systems, Aeetamide + H2O and MgCl2 + H2O at 25 °C.
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Figure 4.72: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Maltose + MgSO^ compared to the binary systems, Maltose + FI2O and MgSO^ + H2O at 25 °C.
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Figure 4.73: Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Maltose + CaClz compared to the binary systems, Maltose + Ff^O and CaC^ + H^O at 25 °C.
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Figure 4.74: Experimentally determined osmotic pressure as a function of concentration of the equimolal ternary 
systems Maltose + NaCl compared to the binary systems, Maltose + H2O and NaCl + H2O at 25 °C.
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Figure 4.75; Experimentally determined osmotic pressure as a function o f concentration of the equimolal ternary 
systems Maltose + MgClz compared to the binary systems, Maltose + H2O and MgCb + H2O at 25 °C.
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Chapter 5. Forward Osmosis Process - Methodology
5.1. Ternary Draw Solution Selection for the FO Experiment
A flow diagram which describes the draw selection protocol adopted in this study is 
illustrated in Figure 1.1. This protocol was used to select two out of the eighteen ternary 
systems investigated in sections 3.0. The selected systems are investigated experimentally in 
FO experiments in order to further develop the selection criterion of an optimal draw solution 
by considering its transport behaviour. The following ternary systems were selected for such 
consideration:
1)MgCl2 +NaCl + H20
2) sucrose + NaCl + H2 O
These ternary systems displayed strong positive synergy and were the cheapest in terms o f  
specific cost as seen in table 4.2 and Figure 4.0 as well as being non-hazardous in terms of 
health, flammability and physical hazards. Section 5.2 will give a description of the FO pilot 
plant used in this study and section 5.3 discusses the experimental procedure.
5.2. FO Performance Experimental Method
In order to validate the selected draw systems by further evaluating the criterion o f the 
selection of an optimal draw solution the water flux performance, reverse salt diffusion and 
recovery were examined using a FO pilot plant. The FO performance of the selected ternary 
draw solutions and their binary counter parts (NaCl, MgC^ and sucrose) were tested at 
varying osmotic pressures.
Figure 5.1 represents the process flow diagram (PFD) illustrating the principle of the FO unit. 
From the PFD it can be seen that the process consists o f two streams, feed water (FW) which 
could be of varying salinity, but for the purpose o f this study, will be deionised water and the 
Draw Solution (DS) stream, which is made up of the selected solutions mentioned above.
FW flows through a membrane in contact with the draw solution, DS, which has an osmotic 
pressure higher than that of the feed water. Both FW and DS pass through the FO unit in a 
counter current mode. Water travels from the FW to the DS by osmosis. The resulting 
diluted DS is then collected in a storage tank (TK-2) and the concentrated FW is collected in 
another storage tank (TK-4).
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5.2.1. FO Pilot Plant Process Description
As shown from the PFD in Figure 5.1, the feed water is held in tank, TK-1 which has a 
capacity of 100 L and the draw solution, DS-in, is held in tank TK-2 which has a capacity of 
30 L.
In this process a hollow fine fibre (HFF) membrane with an effective surface area of 4.0 m^  is 
used. Both the draw solution and feed water flows through the FO membrane counter 
currently. Pure water transfers from the feed water to the draw solution by osmosis. The 
diluted draw solution is then collected in another storage tank, TK-2, which has a capacity of 
60 L. A fourth tank, TK-4, with a capacity of also 60 L is used to collect the feed water 
leaving the FO membrane.
The temperature of the FW-in and DS-in are held constant at 25 °C and controlled by an 
electrical heating coil with thermostat installed in both tanks. All four tanks are made of 
stainless steel and are equipped with a level glass to measure the level of the solution inside.
Two centrifugal pumps, P-1, and P-2 are used to pump the draw and feed solution through the 
membrane. P-1 is connected to TK-1 and is used to pump the draw solution into the fibre side 
of FO membrane, and the second pump, P-2, is used to pump the feed water into the shell of 
the FO membrane.
Four flow rotameters, FI-150, 151, 152, and 153, are connected to each inlet and outlet lines 
of the membrane and are used to measure the flow rate of the solutions. The lines connected 
to the membrane are equipped with pressure gauges and temperature indicators. The 
equipment of the FO unit is fixed onto a skid as shown in Figures 5.2 and 5.3
The FO process of the above description was operated in batch mode with an operating time 
of 40 minutes
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üFigure 5.2: Image showing the FO unit, the top left tank, TK-1, holds the draw solution, DS- 
in, the draw solution enters the membrane and leaves in a more diluted form as DS-out. The 
top right tank, TK-2, collects the diluted draw solution. The bottom right tank, TK-3, holds 
the feed water, FW-in, the feed water pass through the membrane and leaves as feed water 
out, FW-out, and enters the tank, TK-4 on the bottom left.
m_. a
Figure 5.3: Image showing the hollow fibre membrane in operation. The bottom right and left 
pipes are the FW-in and FW-out, respectively. The upper left and right side pipes represent 
the DW-in and DW-out, respectively.
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5.2.2. Experimental Procedure
This section will outline how the experiments were carried out on the FO unit. This will cover 
how the solutions are prepared and what variables are controlled.
The concentrated draw solution on the draw side of the membrane is the driving force in the 
FO process. The draw solutions are made up to concentrations that result in the same initial 
osmotic pressure.
The draw solution MgCb + NaCl ternary mixture is tested using the FO unit at three osmotic 
pressures (20, 30 and 73 atm.). The binary reagents making up the ternary mixture are also 
tested separately (NaCl + H2 O and MgC^ + H2 O) at the same osmotic pressures. The sucrose 
+ NaCl ternary mixture is also tested at three osmotic pressures (10, 30 and 73 atm.). The 
binary system, sucrose + H2 O, is tested at lower osmotic pressures of 10, 20 and 30 atm s. The 
higher osmotic pressure (concentration) of 73 atm. was not used due to the sucrose solution 
being considerably too viscous for flux performance analyses. An over view o f the 
experimental conditions is given in Table 5.1.
The draw solution is made up in the draw tank, TK-1 where the solution is mixed manually 
using a stirrer until all the solute has dissolved. In order to ensure complete dissolution o f the 
solute and to unify the solutions composition the draw solution was circulated back using 
loop 2 (illustrated in Figure 5.1) into its tank, TK-1 for a period of 1 hour with the aid of 
pump, P-1.
Finally, deionised water is placed in the feed tank, TK-2 and the temperature of both the draw 
solution and the feed water is taken at the beginning of each run. Before the beginning o f  
each run a sample is taken from the draw and feed tanks, TK-1 and TK-2.
The level of the solution in both draw and feed tanks, TK-1 and TK-2 are measured and 
recorded. Once the pumps, P-1 and P-2 are switched on the process begins and the draw and 
the feed begins to enter the membrane.
Before commencing each run, the fluid flows in both the channels are allowed to stabilise for 
the duration of 10 minutes. This is carried out to ensure that the fluid flow rates were
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stabilized. The level of the solution in both draw and feed tanks, TK-1 and TK-2 are 
measured after this initial stage.
The duration time of each run is fixed at 40 minutes, the pumps are switched off and the 
process is left to settle for 5 minutes after which the solution levels in all four tanks (Feed-In, 
Feed-Out, Draw-in and Draw-out) are measured and recorded. At the end of each run a 
sample is taken from the Feed-Out tank, TK-3 and Draw-Out tank, TK-4.
For each draw solution investigated, the following variables were kept constant:
1. FO Membrane.
2. Temperature of both the feed water and draw solution was kept at 25 ± 0.5 °C
3. Flow rate of feed water across the membrane was kept at 1.4 LPM.
4. Flow rate of draw solution across the membrane was kept at 0.6 LPM.
5. Feed type - deionised water
6. Duration of run -  40 minutes.
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Table 5.1 : Overview o f experimental conditions.
DS ^DS ^DS ^DS
(gft-) (mol/kg) (atm)
13 0 .2 2 1 0
NaCl
2 6 J 0.45 2 0
3&6 0 .6 6 30
87.7 1.5 73
27 A 0.285 2 0
MgCb 39.0 0.41 30
79.4 0 ^3 73
136.0 0.40 1 0
Sucrose 262.5 0.77 2 0
385.0 1.125 30
13.4, 14.3 0.23,0.15 2 0
N aCfM gCb
19.6, 26.0 0.34, 0.22 30
32.4, 56.0 0.55, 0.59 73
58.4, 33.2 1.0, 0.35 73
36.5, 6.0 0 .2 , 0 .1 1 0
34.8, 9.7 0.10, 0.17 10
Sucrose,NaCl
202, 19.6 0.59, 0.34 30
82.0,31.0 0.24, 0.54 30
104.4, 78.9 0.3, 1.35 73
342, 57.9 1 .0 , 1 .0 73
5.2.2.I. Draw Solution
The draw solutions used are aqueous solutions composed of:
>  An organic compound -  sucrose (sucrose + H2 O).
>  Two ionic salts NaCl, MgCl2  (NaCl + H2 O and MgCb + H2 O).
>  One mixed solution of an ionic salt, NaCl and an organic compound, sugar (NaCl + 
sucrose + H2 O).
>  One mixed solution of two ionic salts, NaCl and MgCl2  (NaCl +MgCl2  + H2 O).
All the reagents used are of high purity and laboratory grade, as specified in section 3.3. 
Deionised water is used in the preparation of the solutions. All solutions are prepared by 
weight using a Sartorius R300S analytical balance having an accuracy of ± 0.001 g.
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S.2.2.2 Experimental accuracy and reproducibility
In broad terms, the purpose of the present experiment is to find a relationship between the 
controllable variables and the observed responses The controllable variables examined 
were solute concentration and solute type and time. The observed parameters were volume of 
solution, concentration changes of solution. For both the DS and the FW, volume changes 
were measured by measuring the changes in the level of solution in the tanks, concentration 
change data were obtained by inductively couple plasma (ICP) spectrophotometer and High 
Performance Liquid Chromatography (HPLC) and time was recorded by using a manual stop 
watch.
All experiments were preceded by initial tests to examine the reproducibility of 
measurements - the reproducibility was found to deviate within an error o f ± 4%.
The data collected for the observed parameters were used to calculate the following process 
parameters:
> Water flux from volume and time data.
>  Solute flux from concentration and time data.
>  Osmotic pressure difference across the membrane by converting concentration to 
osmotic pressure using OLI software.
>  Water recovery and water membrane permeability are also calculated from the above 
mentioned results.
5.3. FO pilot plant experiments
As shown in Figure 5.4, the FO performance was evaluated experimentally. Figure A shows a 
systematic diagram of the membrane. The module is composed o f two sides, the shell side, 
and the fibre side. Both the draw and feed are fed into the module by using two separate 
pumps (P-1 and P-2). The concentrated draw solution is fed into the fibre side, DS-in, and 
discharged from the other end (after passing the membrane) in more diluted form, DS-out. 
The feed water is fed into the shell side, FW-in, and discharged from the other end (after 
passing the membrane) as a more concentrated solution, FW-out. The two streams, DS-in and 
FW-in are passing through the membrane in a counter current mode. The membrane was 
orientated with the dense layer facing the feed solution. The pure water flux in the present FO 
process is directed from the shell side towards the fibre side.
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Figure 5.4: Schematic diagram of the flow mode and configuration of the FO unit 
The following equations were used to determine the current FO process parameters
1. The average net driving pressure, NDP, across the membrane can be estimated using 
the following relationship:
NDP = A P - A 7 t  (5.4.1)
Where, A P , is the average hydraulic pressure differences and is assumed to be negligible 
in an FO process. Att, is the average net osmotic pressure difference, thus, assuming 
linear behaviour the following relationship can be written:
A tt ^  ^ F W in  ^ F W o u t  ^ D S in  ^ D S o u t  ^ (5.4.2)
Since, deionised water is used as the feed and AP = 0 the NDP can be estimated using 
the following relationship:
NDP ^  ^ D S m  ^  ^  DS ou 1 ^ (5.4.3)
2. The average experimental pure water flux through the membrane, , is estimated 
from the following relationship:
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j  _ i^ FWin QfWout) ^ ^
Where, Q , is the volumetric flow rate and is the membranes effective surface area.
3. The experimental membrane permeability, , can be calculated from the following 
equation:
4. The mass flux of the diffused osmotic agent (reverse salt diffusion) through the 
membrane toward the feed water, , is calculated by the following equation:
j  FIVoutQFW otit ^ F W in Q p W in ) ^
In order to calculate the reverse salt diffusion, the initial, feed water entering the 
membrane, FW-in, and the feed water exiting the membrane, FW-out, at the end of 
the experiment were analyzed for their ion composition.
5. The recovery rate of the feed water, Rp.^ ,^ is estimated using the following 
relationship:
(5.4.7)
Q p W in
6. The solute resistivity, K, which represents the degree of ICP in the support layer, is 
calculated by using equation (2.10.14) as described earlier in section 2.10.2.3.
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Chapter 6. Forward Osmosis Process - Results and Discussion
6.1. Analysis of performance parameters
Three parameters were used to evaluate the FO performance of the draw solutions tested, 
water flux, reverse salt diffusion and percentage recovery. This section will display and 
discuss the results obtained for the experiments conducted on the FO unit. The first three 
columns in Table 6.1 represent the matrix of experiments that were performed with deionised 
water as the feed solution. For each ternary mixture draw solution tested, several 
concentrations were evaluated and compared with their corresponding binary draw solution 
counterparts.
6.2. Water Flux
Water flux results for each draw solution tested are summarised in Table 6.1. Since deionised 
water was used as the feed external concentration polarization, ECP, is not present. Thus, the 
difference in water flux performances between DS’s of the same initial osmotic pressure is 
predominantly due to internal concentration polarization, ICP.
Figures 6.1-6.6 compares the water flux performances o f ternary mixtures with their binary 
counterparts at osmotic pressures of 10, 20, 30 and 73 atm.
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Table 6.1: Analysis o f performance parameters
DS ^ D S
^ D S
(mol/kg)
Initial 
Osmotic 
Pressure 
of solution
^ D S
(atm)
Net
Driving
Pressure
NDP
(atm)
J,
(mg/m^h)
J .
(L/m=h)
Rate
Recovery
(%)
K
(m"h7L)
NaCl
13 0.22 10 9.54 4.1 1.26 6.51 0.49
263 0.45 20 17.7 6.0 3.55 17.5 0.06
3&6 0.66 30 25.4 7.4 4.13 20.1 0.10
87.7 1.5 73 5&2 9.3 6.40 31.1 0.13
MgCh
27.1 (X285 20 17.6 0.9 3.16 14.8 0.10
39.0 0.41 30 26.1 1.69 3.49 17.3 0.17
79.4 0.834 73 58.7 1.83 4.06 19.7 0.31
Sucrose
136.0 0.4 10 9.7 0.43 0.65 3.3 1.97
262.5 0.77 20 18.62 0.6 1.2 5 j # 1.12
38^0 1.125 30 27.5 0.91 1.58 8.4 (X92
NaCl, MgClz
13.4, 14.3 0.23, 0.15 20 17.8 1.75, 2.57 2.76 13.4 0.17
19.6, 26.0 0.34, 0.22 30 26.4 1.39, 2.37 2 ^ 2 15.1 0.27
32.4, 56.0 0.55, 0.59 73 61.6 1.16, 0.9 4.14 20.5 0.31
58.4,33.2 1.0, 0.35 73 61.8 1.26,1.64 4.46 2 2 4 0.27
Sucrose, NaCl
36.5, 6 0.2, 0.1 10 8.5 0.79 0.68 3.5 1.66
34.8, 9.7 0.10, 0.17 10 9.5 0.55 0.84 4.3 1.21
202, 19.6 0.59, 0.34 30 27.2 4.25 2.51 11.8 0.39
82.0,31.0 0.24, 0.54 30 2&9 0.71 2.87 13.9 0.29
104.4, 78.9 0.3, 1.35 73 61.5 3.56 4.37 22.3 0.31
342, 57.9 1.0, 1.0 73 6L2 6.0 3.66 19.4 0.39
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Figure 6.1 illustrates elearly that for DS’s made up to 10 atms the NaCl binary solution is 
able to attain a higher water flux than both the binary sucrose solution and the ternary 
mixtures (sucrose + NaCl). The ternary mixture containing the higher NaCl to sucrose mole 
ratio (sucrose [0.1m] + NaCl [0.17m]) was able to obtain a higher water flux value than both 
the sucrose binary solution and the ternary mixture - sucrose [0.2m] + NaCl [0.1m], which 
contained a lower NaCl to sucrose mole ratio. The sucrose [0.2m] + NaCl [0.1m] system 
obtained the same water flux value at 0.68 L/m^h (within the acceptable error of ±4% ) to 
that of the binary sucrose solution whose water flux value was 0.65 L/m^h .
Water Flux 0.8 - 
(L/hr m^2)
□  N aCl [0 .2 2 m ]
■  Sucrose [0 .4 0 m ]
□  Sucrose [0 .2m ]:N aC l[0 . Im ]
□  Sucrose [0 .1 m ]:N a C l[0 .1 7 m ]
DS Osmotic Pressure (atm)
Figure 6.1 : Comparison between water flux performances o f the ternary mixture Sucrose + NaCl + HgO and the 
binary systems: sucrose + H2O and NaCl + H2O at initial DS osmotic pressure of 10 atm.. Experimental 
conditions: Temperature and flow of both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM respectively. 
Membrane: HFF-FO
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Figure 6.2 illustrates the comparison between the ternary mixture NaCl + MgCl2 and the 
binary solutions, NaCl + H2 O and MgCl2 + H2 O at an osmotic pressure of 20 atms. A similar 
situation arises here in which the binary solution NaCl + H2 O achieves the highest water flux 
followed by the binary MgCl2  + H2 O solution. The ternary mixture attained the lowest water 
flux value.
Water Flux
(L/hr m^2)
□  N aC  [0 .4 5 m ]l
■  MgC12 [0 ..2 8 m ]
□  N a C l[0 .23m ]:M gC 12[0 .15m ]
DS Osmotic Pressure (atm)
Figure 6.2: Comparison between water flux performances o f the ternary mixture NaCl + M gCb + H^O and the 
binary systems: NaCl + H2O and MgCb + H2O at initial DS osmotic pressure o f 20 atm.. Experimental 
conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM respectively. 
Membrane: HFF-FO
Illustrated in Figure 6.3 are the water flux readings obtained as measured versus draw 
solutions at an osmotic pressure of 30 atms. Similar to previous results, NaCl binary solution 
attained the highest water flux followed by the binary solution MgCF + H2 O. The sucrose 
binary solution achieved the lowest water flux. However, the ternary mixtures containing 
sucrose [0.24m] + NaCl [0.54m] achieved a similar water flux value of 2.87 L/m^h to that of 
the ternary mixture containing NaCl [0.34m] + MgCb [0.22m] which obtained a water flux 
value of 2.92 L/m^h. As expected the ternary mixture sucrose + NaCl + H2 O containing a 
higher concentration of sucrose than NaCl (sucrose [0.59m] + NaCl [0.34m]) produced the 
lowest water flux out of the three mixtures.
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Water f lu x  2 . 5  -
(L/hr m^2)
□  N aC l [0 .6 6 m ]
■ MgC12 [0.41m]
□  Sucrose [1 .1 3 m ]
□  N a C l[0 .34m ];M gC 12[0 .22m ]
■  S u cro se[0 .2 4 m ]:N a C l[0 .5 4 ]
□  S u cro se[0 .5 9 m ]:N a C l[0 .3 4 ]
DS Osmotic Pressure (atm)
Figure 6.3: Comparison between water flux performances of the ternary mixture NaCl + MgCl? + FIjO, sucrose 
+ NaCl + H2O and the binary systems: NaCl + H2O and MgCb + FI2O and sucrose + H2O at initial DS osmotic 
pressure o f 30 atm.. Experimental conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM 
and 0.6 LPM respectively. Membrane: HFF-FO
Figure 6.4 depicts the water flux readings achieved by the draw solutions investigated at an 
osmotic pressure of 73 atms. The NaCl binary solution attained the highest water flux of 6.40 
L/m^h, followed by the two ternary mixtures, NaCl [1.0m] + MgC^ [0.35m] at 4.46 L/m^h 
and sucrose [0.3m] + NaCl [1.35m] at 4.37 L/m^h. In both ternary mixtures NaCl was the 
solute that was present at a higher concentration than the second solute. The binary solution, 
MgCb + H2 O, achieved a water flux value less than the two mixtures mentioned at 4.06 
L/m^h which is similar to the water flux achieved by the ternary mixture containing a higher 
concentration of MgCb than NaCl - NaCl [0.55m] + MgCb [0.59m]. The ternary mixture 
containing equal molalities of sucrose and sucrose [1.0m] + NaCl [1.0m] achieved the lowest 
water flux value of 3.66 L/m^h.
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W ater Flux 4 - 
(L/hr m'^2)
El NaCl [1.5m ]
■  MgC12 [0 .8 3 m ]
□  N a C l[0 .55m ]:M gC 12[0 .59m ]
□  N aC l[lm ]:M g C 1 2 [0 .3 5 m ]
■  S u cro se[0 .3 m ]:N a C l[1 .3 5 m ]
□  S iicrose[1 .0m ]:N aC l[1 .0m ]
DS Osmotic Pressure (atm)
Figure 6.4: Comparison between water flux performances of the ternary mixtures: NaCl + MgCb + H2O, 
sucrose + NaCl + H2O and the binary systems: NaCl + H2O and MgCb + H2O and sucrose + FI2O at initial DS 
osmotic pressure of 73 atm.. Experimental conditions: Temperature and flow of both feed and DS at 25 °C and 
1.4 LPM and 0.6 LPM respectively. Membrane: HFF-FO
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Figure 6.5 shows the overall water flux performance as a function of NDP. It shows that for 
higher osmotic pressures the effect of increasing the osmotic pressure of the DS on the flux is 
reduced. This levelling out in flux at higher DS concentrations is not observed with the NaCl 
binary solution, this trend could be associated with ICP. At higher NDP’s the ternary 
mixtures containing NaCl + MgCb is able to obtain fluxes equal to or more than the binary 
MgCl] DS, this is also the case for one mixture of the ternary solution - sucrose[0.3m] + 
NaCl[1.35m]. It can also be observed from Figure 6.5, that the sucrose + NaCl solution 
follows two trends, one for high NaCl mole ratio content (points 6, 8 and 9) and the other 
with lower NaCl mole ratio (points 5, 7 and 10).
P lots o f  W ater  F lux a ga in st N et D riv in g  Pressure
7
NaCl
MgCI2 
-A—  Sucrose 
■  NaCl:M gCI2 
A  Sucrose:NaCl
6
5
4
3
2
0
30 4020 50 60 700 10
Net Driving Pressure (atm.)
Figure 6.5: water flux vs NDP for varying concentrations o f the ternary mixtures: NaCl + M gCb + H2O, sucrose 
+ NaCl + H ?0 and the binary systems: NaCl + HgO and M gC f + H 2O and sucrose + H 2 O at initial DS osmotic 
pressure o f 73 atm.. Experimental conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM 
and 0.6 LPM respectively. Membrane: HFF-FO. Refer to Table 6.2 for number definitions.
Figure 6.6 shows that for the binary systems of, NaCl, MgCb and sucrose, the water flux 
through the membrane inereases as the concentration of the DS increases. In case of the 
ternary mixture sucrose + NaCl + H2 O the ratio of NaCl to sucrose present in the mixture is a 
limiting factor rather than the total eoneentration of the DS alone. A higher flux is achieved 
when the sucrose concentration present in the mixture is less than the NaCl eoneentration, as 
seen when comparing points 3 with 4, 8 with 7 and 9 with 10.
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The highest flux at 6.4 L/m h is attained with the NaCl binary draw solution at a 
concentration of 1.5 mol/kg H2 O. At concentrations lower than 0.5 mol/kg H2 O, MgCl2  
binary draw solution can be seen to achieve the highest water flux values. The NaCl + MgCl2  
ternary mixture achieved the higher water flux than the sucrose + NaCl ternary mixture. It 
can also be see that as the NaCl concentration increases in the ternary mixture.
Table 6.2: Numbering system used on graphs 6.5, 6.6, 6.10 
and 6.11.
DS Point No. ^ D S
atm
^ D S
g/L
^ D S
(mol/kg)
NaCl
mole
ratio
NaCl, MgCb
1 20 13.4, 14.3 0.23,0.15 1.53
2 30 19.6, 26.0 0.34, 0.22 1.55
3 73 32.4, 56.0 0.55, 0.59 0.93
4 73 58.4,33.2 1.0, 0.35 2.86
Sucrose, NaCl
5 10 36.5,6 0.2, 0.1 0.5
6 10 34.8, 9.7 0.10, 0.17 1.7
7 30 202, 19.6 0.59, 0.34 0.58
8 30 82.0,31.0 0.24, 0.54 2.25
9 73 104.4, 78.9 0.3,1.35 4.5
10 73 342, 57.9 1.0,1.0 1.0
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Plots o f Water Flux against DS concentration
7
NaCl
MgC12
Sucrose
NaCI:MgC12
Sucrose:NaCl (1 )
Sucrose:NaCl (2 )
6
5
4
2
0
1.5 2 2.5 3 3.50.50
DS Concentration (mol/kg)
Figure 6.6: water flux vs. DS concentration for varying concentrations of the ternary mixtures: NaCl + MgCl? + 
FlaO, sucrose + NaCl + H?0 and the binary systems: NaCl + HiO and MgCh + H2O and sucrose + H2O at initial 
DS osmotic pressure o f 73 atm.. Experimental conditions: Temperature and flow of both feed and DS at 25 °C 
and 1.4 LPM and 0.6 LPM respectively. Membrane: HFF-FO.
Figure 6.6 shows the water flux as measured versus DS concentration. As expected, water 
flux increases with DS concentration. Figure 6.6 shows two curves for the sucrose + NaCl 
draw solution, sucrose + NaCl (1) curve has a higher sucrose to NaCl content than the 
sucrose + NaCl (2) curve and therefore achieves lower water flux values as shown in table 
6.3 and 6.4. The Solute type and the ratio of the solutes present in the mixture are important 
factors in the amount of water flux achieved by a DS.
Table 6.3: Water flux values for sucrose + NaCl (1) DS
Sucrose, NaCl 
(mol/kg)
Initial
(atm)
J .
(L/m'h)
Sucrose to NaCl 
mole ratio
0.2, 0.1 10 0.68 2
0.59, 0.34 20 2.51 1.74
1.0, 1.0 30 3.66 1
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Table 6.4: Water flux values for sucrose + NaCl (2) DS
Sucrose, NaCl 
(mol/kg)
Initial
(atm)
J .
(L/m"h)
Sucrose to NaCl 
mole ratio
0.1,0.17 10 0.84 0.59
0.24, 0.54 20 2.87 0.44
0.3, 1.35 30 4.37 0.22
6.3. Ranking of Draw Solutions
The water flux was normalised to the highest value obtained, the highest water flux was 
achieved with a NaCl binary draw solution, thus, calculated for each draw
solution. This method allowed the ranking of each DS investigated and is illustrated in Tables 
6.5 and 6.6 for DS at initial osmotic pressures of 30 and 73 atm respectively.
Comparing Tables 6.5 and 6.6 it can be seen that the ranking of the DS with the exception of 
NaCl binary DS is not the same. In both cases (osmotic pressure o f draw solutions are at 30 
and 73 atm.) the NaCl binary DS obtained the highest water flux.
Table 6.5
Ratios between the highest performing draw solution for water flux and the draw solution 
itself. Each draw solution is evaluated at an 
osmotic pressure o f 30 atm.
Draw Solution Water flux
w )mc/)3o
Rank
NaCl 1.00 1
MgClz 0.98 2
NaCl[0.34m]:MgCb[0.22m] 0.71 3
sucrose[0.24m]:NaCl[0.54m] 0.69 4
sucrose[0.59m] :NaCl[0.34m] 0.61 5
sucrose 0.38 6
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Table 6.6
Ratios between the highest performing draw solution for water flux and the draw solution 
itself. Each draw solution is evaluated at an 
osmotic pressure o f 73 atm.
Draw Solution Water flux
( ‘^vv ^(*^it')waC/)73
Rank
NaCl 1.00 1
NaClf 1 .Om] :MgCl2[0.35m] 0.70 2
sucrose[0.30m] :NaCl[l .35m] 0.68 3
NaCl[0.55m] :MgCl2[0.59m] 0.65 4
MgCb 0.63 5
sucrosefl .Om] :NaCl[l .Cm] 0.57 6
Illustrated in Table 6.5 are the DS’s at the lower initial osmotic pressure of 30 atm. The 
binary systems NaCl + H2 O and MgCl2  + H2 O are seen to out perform all the ternary DS’s 
containing NaCl + MgCb and sucrose + NaCl. From Table 6.5 it can be seen that the DS’s 
containing sucrose are ranked the lowest at ranks - 4, 5 and 6. For the sucrose + NaCl ternary 
systems, water flux performance is higher in the ternary system with the higher NaCl to 
sucrose mole ratio, the sucrose binary system is ranked last.
Shown in Table 6.6 are the DS’s at the higher initial osmotic pressure o f 73 atm where it can 
be seen that the ternary DS’s of NaCl+ MgCb and sucrose + NaCl produced higher water 
fluxes than the binary MgC^ draw solution. The DS containing sucrose + NaCl with equal 
mole ratios of NaCl to sucrose (sucrose [1.0m] +NaCl [1.0m]) is ranked last.
As illustrated in Tables 6.5 and 6.6 the osmotic pressure driving force of a DS is not the only 
factor involved in the water flux performance of a DS - solute type and mole ratio o f the 
solutes present in the mixture are also important factors in a DS’s flux performance.
6.4. Water Membrane Permeability
Figures 6.7 to 6.9 show the water membrane permeability, , which is the product of
dividing water flux by the NDP, as a function of the DS concentration, for binary DS’s NaCl, 
MgCl2  and sucrose and the ternary DS’s - NaCl + MgCl2  and sucrose + NaCl. From Figure 
6.7, it can be seen that for all three binary DS but to a lesser extent with sucrose, water
134
membrane permeability decreases as concentration increases. This can be explained by the 
decrease in the water molecules ability to travel through the increase in solute molecules as 
the concentration of the DS increases, although the water flux increases due to the increase in 
the driving force (NDP). Concentration polarisation could also be a contributing factor as this 
effect increases with increase in solute concentration.
0.25
♦  NaC
A Sucrose
« 0.15
0.00 4 
0 0.2 0.4 0.6 0.8 1 1.2
DS Concentration (mol/kg H20)
1.4 1.6
Figure 6.7: A„ vs. DS concentration for varying DS concentrations o f NaCl, MgCb and sucrose.
Experimental conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM 
respectively. Membrane: HFF-FO
The ternary mixture NaCl + MgCl] is seen to follow a similar trend to NaCl binary solution 
as illustrated in Figure 6.8. However, interestingly the mixture - NaCl [1.0m] + NaCl [0.35m] 
has a higher, than the mixture, NaCl [0.55m] + MgCb [0.59m] which has a lower total
concentration. This suggests that other factors could be involved in the ability of a water 
molecule to pass through the membrane other than concentration of the DS as initially 
suggested, such as the solute type and the solute l/solute2 mole ratios.
With the ternary mixture containing sucrose + NaCl illustrated in Figure 6.9 an increase in 
water permeability is observed with an increase in DS concentration up to approximately
1.0 mol/kg H2 O. For higher DS concentrations the water permeability begins to decrease 
steadily.
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However, as observed with the ternary mixture NaCl + MgCl2 , the ratio of NaCl to the second 
solute present in the mixture (in this case sucrose) has an impact on the value of the water 
membrane permeability suggesting a relationship between A^ y and type of solute present in 
the DS and the mole ratio of the solutes present.
In Figure 6.9 two points representing mixtures suerose [0.1m] +NaCl [0.17m] and suerose 
[0.24m] +NaCl [0.54m] gave higher values than the expected trend for that particular
mixture. This could be explained by the higher NaCl to sucrose mole ratio present of the two 
mixtures, where NaCl makes up the majority of the mixture. This reinforces the suggestion 
that a relationship between A^ and type of solute present and the mole ratio of the solutes 
present in a DS is a limiting factor in the ability of water molecules to pass through the 
membrane.
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0.16 -
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JS 0.12 -
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0.04 -
0.00 -
[0.23m:0.15m] ♦ NaCl+MgC12
[0.34m:0.22m]
[1.0m:0.35m]
♦
[0.55m:0.59m]
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0.2 0.4 0.6 0.8 1 1.2
DS Concentration (mol/kg H20)
1.4 1.6
Figure 6.8: vs. DS concentration for varying DS concentrations o f  NaCl + MgCb + H2O ternary mixture.
Experimental conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM 
respectively. Membrane: HFF-FO
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Figure 6.9: vs. DS concentration for varying DS concentrations o f  sucrose + NaCl + H2O ternary mixture.
Experimental conditions: Temperature and flow o f both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM 
respectively. Membrane: HFF-FO
6.5. Reverse Salt Diffusion
Figures 6.10 and 6.11 illustrate solute flux as a function of concentration for the binary and 
ternary mixtures investigated in the FO experiments. Osmotic agents making up the draw 
solution should be selected to offer low reverse salt diffusion, which represents the amount of 
solute lost from the draw solution into the feed stream per unit volume of water that passes 
through the FO membrane into the draw solution. Reverse salt diffusion affects the fouling 
behaviour in FO processes and therefore having a significant impact on the efficiency of the 
process. Boo et al demonstrated that salts which diffuse from the draw to the feed solution 
accumulate within the existing fouling layer which forms on the membrane surface. This 
accumulation of salts increase concentration polarisation and thus reduces the net osmotic 
driving force for permeate flux
The results in Figures 6.10 and 6.11 shows that reverse solute flux for NaCl in a binary 
solution is higher than that for the other draw solutions investigated. The lowest solute flux 
was found for sucrose solution. All three binary systems (NaCl, MgCf and sucrose) and 
NaCl in the sucrose + NaCl ternary system follow a similar trend in which solute flux 
decreases with decreasing draw solution concentration. This could be attributed to the 
decreasing driving force. However, this trend is not observed in the ternary mixture NaCl + 
MgCf + H2 O, as can be seen in Figure 6.10, in which the reverse solute flux values for both 
the NaCl and MgCl2  solutes, decrease as its solute concentration in the DS increases.
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Interestingly, the solute flux of NaCl solute in both the ternary mixtures is less than the value 
of its binary system, as shown in Figures 6.10 and 6.11. These observations could be 
attributed to solute-solute interactions as well as solute-solute-membrane interactions.
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Figure 6.10: vs. DS concentration for varying DS concentrations of NaCl + MgClz + H2O ternary DS and the
binary DS’s: NaCl + H2O and M gC f + H2O. Experimental conditions: Temperature and flow of both feed and 
DS at 25 °C and 1.4 LPM and 0.6 LPM respectively. Membrane: HFF-FO.
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Ligure 6.11: T vs. DS concentration for varying DS concentrations of NaC I in the sucrose + NaCl ternary DS 
and the binary DS’s: NaCl + H2O and sucrose -f H2O. Sucrose concentration in the ternary system was not 
determined due to the unavailability o f experimental techniques. Experimental conditions: Temperature and 
flow of both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM respectively. Membrane: HFF-FO.
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6.6. Recovery (%)
Figure 6.12 shows the recovery of the feed water as a function of NDP, while Figures 6.12 - 
6.13 shows the same but against the initial osmotic pressure of the DS’s (30 and 73 atm). It 
can be concluded from figure 6.12 that the percentage of water recovered increases with an 
increase in NDP. This could be attributed to an increase in the difference in osmotic pressure 
driving force. The NaCl binary system produced the highest recovery vales with a maximum 
of 31.1% at an NDP of 58.2 atm. Sucrose binary solution produced the lowest recovery rates.
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Figure 6.12; Recovery vs. NDP for DS of NaCl + M gC f + H2O and sucrose + NaCl + H2O ternary mixture and 
the Binary DS’s: NaCl + H2O, M gC f + H2O and sucrose + HjO. Experimental conditions: Temperature and 
flow o f both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM respectively. Membrane: HFF-FO Refer to 
Table 6.2 for number definitions.
The recovery performance of the draw solution investigated can be seen to vary at different 
osmotic pressures. As depicted in Figure 6.13, the binary solutions -  NaCl and MgCf out 
performed the ternary mixtures the DS’s at the lower osmotic pressure of 30 atm s. As seen 
previously in the water flux performance section, at the higher osmotic pressure of 73 atms 
certain ternary mixtures produced higher recovery values than the binary M gCf DS. The 
mole ratio of the solutes present in a mixture also is seen to play a role in the recovery o f the 
DS.
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Figure 6.13: Comparison between recovery of the ternary mixtures: NaCl + MgCl2 + H^O, sucrose + NaCl + 
H2O and the binary systems: NaCl + H2O, MgCl2 + H2O and sucrose + H2O at initial DS osmotic pressure of 30 
atm. Experimental conditions: Temperature and flow of both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM 
respectively. Membrane: HFF-FO
Recovery (%)
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Figure 6.14: Comparison between recovery of the ternary mixtures: NaCl + MgCL + FLO, sucrose + NaCl + 
H2O and the binary systems: NaCl + H2O, MgCL + FI2O and sucrose + H2O at initial DS osmotic pressure o f 73 
atm. Experimental conditions: Temperature and flow of both feed and DS at 25 °C and 1.4 LPM and 0.6 LPM 
respectively. Membrane: HFF-FO
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6.7. Discussion of Results -  Forward Osmosis Process
The FO performance for each draw solution was evaluated by determining the water flux, 
recovery and reverse salt diffusion. The draw solutions investigated were made up to 
concentrations which corresponded in the same osmotic pressure (10, 20, 30 and 73 atm) and 
deionised water was used as the feed. According to the general water flux equation (equation 
(2.10.2) in section 2.10.) the DS’s with the same for a given driving force should show the 
same water flux values. However, as discussed in sections 2.10., equation (2.10.2) does not 
include the effects of concentration polarization. The FO membrane used in this study and all 
other commercially available FO membranes are asymmetric in structure, comprising o f a 
porous support layer facing the draw solution below a dense active layer facing the feed 
solution. As discussed in chapter 2, concentration polarization occurs internally in the porous 
support layer o f the membrane and is known as ICP, concentration polarization also occurs 
externally at the feed-membrane interface and is termed ECP.
In this study deionised water was used as the feed, thus the difference in water fluxes 
achieved by the DS should be due to internal concentration polarization. Internal 
concentration polarization plays a major role in reducing the effective osmotic pressure 
difference across the dense layer of the membrane and thus reduces the water flux
From table 6.1 it can be seen that different water flux values are obtained from the draw 
solutions at the same osmotic pressure. It can therefore be suggested, that the water flux 
performance o f the draw solutions investigated have been affected at varying levels by ICP.
ICP can be influenced by the membrane structure as well as the diffusion coefficient o f the 
solute The calculated internal concentration polarization modulus, K, for each
experimental condition is listed in Table 6.1. K  is used to measure the solutes ability to 
diffuse into and out o f the membranes porous support layer. Where it can be seen from Table
6.1 that generally the smaller the K  value (which means less ICP) the higher the water flux.
Under the chosen experimental conditions the three structural membrane characteristics, 
thickness, tortuosity and porosity as shown in equation (2.10.12) section 2.10.2.2., where,
t T
KD = — is assumed to remain constant. Therefore from equation (2.10.12) the diffusion
£
coefficient of a DS plays an important role in determining the water flux performance o f a 
DS. As mentioned in section 2.11. the diffusion coefficient is inversely proportional to the
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viscosity of the solution (pccT/ r j  ). Thus, the differences in the degree of ICP between
DS’s at the same osmotic pressure maybe reasonably explained by the difference in viscosity 
of the DS
Figure 6.15 depicts the viscosity o f the draw systems investigated and the values o f their 
respective osmotic pressures. The solution with the highest viscosity among the binary DS’s 
was the sucrose solution, in which its viscosity increases precipitously with the increase of 
osmotic pressure (concentration). Sucrose solution was also shown to produce the lowest 
water flux values (figure 6.5).
In terms of the three binary solutions, sucrose, NaCl and MgCl2  a correlation between the 
order in water flux performance and the DS viscosity is clearly observed. Thus, for the binary 
systems the following order is observed:
>  water fluxNaci>water fluxMgci2>water flux sucrose
> viscosity NaCl< v is C 0 S ity M g C I 2 <  viscosity sucrose
This trend can be explained by the fact that a draw solution with higher viscosity will find it 
harder to penetrate through the support layer, therefore increasing the presence of ICP. The 
diffusion of a solute through the membrane porous support structure will be slowed down 
more with a higher viscous draw solution than with a less viscous draw solution. Therefore as 
seen from Figure 6.15 the water flux performance of the higher viscous DS will be less than 
the DS with the lower viscous DS
However, this trend is not followed with the ternary system NaCl + MgCb and sucrose + 
NaCl ternary system. Although the ternary system NaCl + MgCb DS at 20 and 30 atms was 
less viscous than the binary system MgCl] + H2 O the flux performance obtained by the NaCl 
+ MgCl2  ternary system was lower. This is seen again when comparing the binary system 
sucrose + H2 O (point A) at 10 atm with the ternary system sucrose [0.2] + NaCl [0.1m] + 
H2 O (point 5) and sucrose [O.I] + NaCl [0.17m] + H2 O (point 6) both at 10 atm. From Figure 
6.15 point 5 is less viscous than point A, however, the water flux values o f both systems are 
very similar (point 5 at 0.68 L/m^h and point A at 0.65 L/m^h) as illustrated in Figure 6.1.
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Point 9 represents the sucrose [0.3m] + NaCl [0.135m] + H2 O (flux at 4.37 L/m^h) which has 
a higher viscosity than both the NaCl + MgCb ternary DS with the same osmotic pressure 
(point 3 and 4). However, the sucrose + NaCl mixture is able to obtain a higher water flux 
than both draw solutions (point 3 and 4).
3
-•— NaCl
-Ù— Sucrose 
9<-NaCl+MgC12 
•  sucrose+NaCI
2.5
2
1.5
0.5
0
10 20 30 40 50
O s m o t i c  P r essu r e  (a tm )
70
Figure 6.15: the absolute viscosity of DS vs. osmotic pressure for varying concentrations of the ternary systems: 
NaCl + MgCb + H2O, sucrose + NaCl + H2O and the binary systems: NaCl + H2O and MgCb + H2O and 
sucrose + H2O. The binary solutions viscosities were calculated using OLI stream Analyzer Software the ternary 
sucrose + NaCl and NaCl + MgCb viscosities were obtained from references at 25°C. Refer to Table
6.2 for numbering definitions.
The observed behaviour of the draw solutions investigated eould be explained by another 
factor other than viscosity. The type of interactions that take place between the solute and 
membrane could be a contributing factor to the DS’s water flux performance
Interestingly, there is a strong correlation between viscosity of the DS and water flux 
performance when comparing different mole ratios of the solutes in the same ternary mixture. 
For example looking at the two ternary solutions containing sucrose + NaCl, at an osmotic 
pressure of 73 atm represented as points 9 & 10 in Figure 6.15. It can be observed that system 
9 (sucrose [0.3m] + NaCl [1.35m]) has a higher NaCl to sucrose mole ratio than system 10 
(sucrose [1.0m] + NaCl [1.0m]) and therefore is less viscous than system 10. System 9 being 
less viscous is able to reach a higher water flux value as seen in Table 6.1 at 4.37 L/m^h than 
the more viscous system 10 (3.66 L/m^h). The same trend is observed with the ternary 
systems containing NaCl + MgCb where system 4 (NaCl [1.0m] + MgC^ [0.35m]) which is
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composed of a higher NaCl to MgCb mole ratio is less viseous than system 3 (NaCl [0.55m] 
+ MgCli [0.59m]) at the same osmotic pressure o f 73 atm. System 4 was able to obtain a 
higher water flux value than system 3 and 4.
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Chapter 7. Conclusions and Recommendations for Future Work 
7.1. Conclusions
7.1.1. Osmotic Behaviour
The osmotic property of a solution is directly related to the chemieal potential differenee 
across the semi-permeable membrane. This in turn depends on the solute affeeting the water 
aetivity. The greater the solute-solvent interaction the lower is the water activity and 
consequently the lower is the chemical potential leading to a higher osmotic effect. This of 
course is directly related to the availability o f free water moleeules. The stronger the solute 
moleeules are bounded to water, the higher the osmotic affect producing higher osmotic 
pressure.
>  In both the binary and ternary systems studied a general trend was observed in which 
osmotic pressure increases with increasing concentration. In ease o f the binary 
systems studied the electrolytes with the exception of MgS0 4 , showed higher osmotic 
pressure values than the organic agents. Similarly, in the case of ternary systems the 
best performers were the ternary systems containing electrolytes.
>  Factors affecting the osmotie pressure o f electrolytes include ionic radii, hydration 
number, strength of the solute-solvent bond and the number o f ions dissociating in 
solution. While, in the case of the organic solutes, hydrogen-bonding, dipole-dipole 
and dipole-induced dipole interactions are manifested produeing structures affeeting 
the free movement of water molecules, thus affeeting the osmotic pressure.
>  By studying the osmotic behaviour of ternary systems it was found that all ternary
r
systems containing electrolytes alone showed positive synergy. The ternary systems 
eontaining acetamide and electrolytes (except NaCl) showed negative synergy. While 
the systems containing sugars showed all three types o f behaviours, that is, positive, 
negative synergism and additive behaviour.
>  Equimolal ternary systems which showed positive synergy were unable to generate 
osmotic pressure equal to or more than the strongest binary component in the mixture. 
However, interestingly at lower coneentrations, the ternary systems containing 
varying solute eoneentrations showed higher osmotic pressure than the strongest 
binary component in the mixture. For example, the ternary system containing 
equimolal concentration of MgCb and NaCl produeed osmotic pressure less than the
146
osmotic pressure produced by MgCl2  (the stronger osmotic agent), while the ternary 
systems containing Im NaCl and 0.2 to 0.5m MgC^ of was able to reach osmotic 
pressure values, either higher or approximately the same as that of MgCl2 .
> In this study calculations based on the van’t Hoff limiting law relationship, was not in 
good agreement with the ealeulations based on the activity model as well as the data 
generated by OLI. This implies that the van’t Hoff formula is incapable of  
representing the osmotic pressure o f both binary and ternary systems at the high 
coneentration range used in this study. This may be due to the interactions among 
both ions and molecules including solute-solvent which can affect the availability of  
free water molecules and thus, directly affecting the osmotic pressure o f the system.
> In most cases, the experimentally determined osmotic pressure curve followed a 
similar trend to the curve obtained from the data generated by OLI, which however, 
gave values either higher or lower than those based on activity measurements. This 
maybe due to the fact that the aetivity model is based on experimentally determined 
data, while OLI uses a predictive thermodynamic framework, for ealeulating osmotic 
pressure [OLI Systems Inc., 2005], and therefore may not be able to project accurate 
osmotic pressures of all types of systems or cover all concentration ranges.
>  Being able to manipulate the osmotic pressure of a solution is important for industrial 
applications - such as the MOD proeess discussed in section 2.1. The cost of  
regenerating the draw solute and extracting the water from the DS by RO is due to the 
DS solutions high osmotic pressure value. Here, elevating (at the first FO stage) and 
then reducing (at the regeneration stage) the DS’s osmotie pressures potential would 
be highly cost effective.
7.1.2. FO Performance
>  From initial part of this study three binary and two ternary draw solutions were 
selected to investigate their performance on an in house FO pilot plant. Internal 
eoncentration polarization has been reported by a number of studies to significantly 
lower the draw solute concentration at the interfaee of a membrane between its dense 
(faeing the feed water) and support layer (faeing the draw solution) and thus affecting 
the FO performanee of the DS. In this study, the extent o f internal concentration 
polarisation was shown to vary depending on both the constituents and concentration 
of the draw solution.
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> Three parameters were used to evaluate the FO performance of the draw solutions 
investigated. Water flux, water recovery and reverse salt diffusion. The highest water 
flux and recovery values were aehieved with NaCl binary solution. However, by 
analyzing the three parameters, it was observed that no draw solutions performed the 
best in all categories.
>  The study showed that changing the mole ratios o f the ternary solutions MgC12 + 
NaCl and sucrose + NaCl at the same osmotic pressure has affected all the three 
performance parameters being investigated.
>  The solute flux o f NaCl is less when the solute is in a ternary mixture than it is in a 
binary system.
>  The effect of increasing osmotic pressure (eoncentration) of a DS on flux and 
membrane water permeability has been experimentally identified. For the binary 
systems, NaCl, MgCl], sucrose and NaCl in the sucrose + NaCl ternary system, the 
water and solute flux increases as the coneentration difference between the DS side 
and FW side of the membrane increases, while the water permeability decreases. 
However, for the NaCl + MgCl] ternary system this same trend was not observed. The 
solute flux for both NaCl and MgCl] solutes in the ternary mixture decreases with 
increase in DS concentration. The NaCl solute flux was lower in the sucrose + NaCl 
ternary system than in its binary form. These findings may indicate the presence of 
solute-solute-membrane interactions.
>  Although NaCl binary DS was able to achieve signifieantly higher water flux values 
at the osmotic pressures investigated the ternary mixture MgC12 + NaCl and the 
binary system MgCb are able to generate signifieantly larger osmotic pressures 
therefore, could potentially have the ability to achieve higher water fluxes than the 
NaCl binary system by significantly increasing the osmotic driving force to 
counterbalance the affects of ICP.
>  The water flux performanee o f the binary system MgCl] was seen to level out at the 
higher osmotic pressure of 73 atm. Where as the mixture of MgC12 + NaCl and 
sucrose + NaCl at eertain mole ratios performed better in terms of FO parameters than 
the binary system MgCl]. Therefore these systems may prove to be potentially 
desirable draw agents at higher osmotic pressures.
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7.2. Recommendations for Future Work
>  The physicochemical properties o f a draw solution such as viscosity and diffusivity 
impact on the severity o f ICP in FO process. Therefore, it is important to investigate a 
DS with favourable physicochemical properties in whieh ICP in the porous layer of 
the membrane is drastically reduced, therefore yielding higher water fluxes.
>  The development o f a membrane with higher permeabilities should be investigated by 
manipulating the membrane parameters namely membrane thickness/ support layer, 
porosity and the mean pore diameter.
>  The development o f a membrane specific to a selected draw solution maybe the way 
forward to ensure maximum water flux performanee, recovery and low solute reverse 
diffusion o f a DS.
>  Sinee solute-membrane interactions seem to be involved in the FO performance of a 
DS. The ternary systems seleeted should be investigated on different membrane types 
in order to further optimize the seleetion process.
>  The eost of the regeneration of a DS is an important factor in the selection o f an 
optimum DS for the application in desalination FO processes. It is therefore 
reeommended that work should also be eoneentrated on selecting a draw agent that 
can be eeonomically regenerated as well as being able to generate high water flux 
values.
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Appendix B: Binary and Ternary system data with equations o f best fit
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Figure B.l : Osmotic pressure of the binary solution, MgS0 4  + H2O versus molality at 25 °C
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Figure B.2: Osmotic pressure of the binary solution, Maltose + H2O versus molality at 25 °C
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Figure B.3: Osmotic pressure of the binary solution, MgCl: + H2O versus molality at 25 °C
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Figure B.4: Osmotic pressure of the binary solution, CaClz + H2O versus molality at 25 °C
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Figure B.5: Osmotic pressure of the binary solution, Acetamide + H2O versus molality at 25 °C
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Figure B.6: Osmotic pressure of the binary solution, NaCl + H2O versus molality at 25 °C
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Figure B.7: Osmotic pressure of the ternary solution, Maltose + MgClz + H2O versus molality at 25 °C
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Figure B.8: Osmotic pressure of the ternary solution, Maltose + MgS0 4  + H2O versus molality at 25 °C
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Figure B.9: Osmotic pressure of the ternary solution. Maltose + CaCb + H2 O versus molality at 25 °C
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Figure B.IO: Osmotic pressure of the ternary solution, Maltose + NaCl + H2O versus molality at 25 °C
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Figure B.ll  : Osmotic pressure of the ternary solution, Acetamide + NaCl + H2O versus molality at 25 °C
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Figure B. 12: Osmotic pressure of the ternary solution, Acetamide + Maltose + H2 O versus molality at 25
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Figure B.13: Osmotic pressure of the ternary solution, Acetamide + MgCl: + H2O versus molality at 25 °C
1200
Equal Molair-Acetamide + I 
CaC12 (e^ t. |
 Power (Equal Molair -
Acetamide + CaC12 (expt.)Î 800 -
SA
I
Ë 400 
6
0 2 4 6 8 10 12 14
M olality (mol/kg H 2 0 )
Figure B.14: Osmotic pressure of the ternary solution, Acetamide + CaClz + H2O versus molality at 25 °C
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Figure B.l 5: Osmotic pressure of the ternary solution, Acetamide + MgS0 4  + H2O versus molality
at 25 °C
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Figure B.16: Osmotic pressure of the ternary solution, MgClz + NaCl + H2O versus molality at 25 °C
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Figure B. 17: Osmotic pressure of the ternary solution, MgCl2  + CaCl2  + H2 O versus molality at 25 °C
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Figure B.l 8: Osmotic pressure of the ternary solution, MgCl: + MgSOq + H2O versus molality at 25 °C
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Figure B.19: Osmotic pressure of the ternary solution, NaCl + CaClz + H2O versus molality at 25 °C
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Figure B.20: Osmotic pressure of the ternary solution, NaCl + MgS0 4  + H2 O versus molality at 25 °C
Appendix C: System data with error bars
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Figure C.l: Illustrates the average osmotic pressure data from two sets of experiments of the equal molar ternary 
solution Acetamide + Maltose versus molality at 25 °C
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Figure C,2: Illustrates the average osmotic pressure data from two sets of experiments of the equal molar ternary
solution Maltose + MgS0 4  versus molality at 25 °C
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Figure C.3: Illustrates the average osmotic pressure data from two sets of experiments of the binary 
solution, MgClz versus molality at 25 °C
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Figure C.4: Illustrates the average osmotic pressure data from two sets of experiments of the binary solution,
CaClz versus molality at 25 °C
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Figure C.5: Illustrates the average osmotic pressure data from two sets o f experiments o f the binary solution,
MgS0 4  versus molality at 25 °C
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